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Atrazine is one of the two most commonly used herbicides in the US and it is the most
commonly found herbicide in ground water. As a result, a great deal of attention has been placed on its
use and safety. It has also been implicated to play a role in the decline of frog populations worldwide.
This thesis reports results from studies into the effects of atrazine on developing tadpoles of the
amphibian laboratory model, the African Clawed frog (Xcnopus laevis). The levels of atrazine tested
include levels found in field runoff ( 2 0 0 and 4 0 0 p g / L ) and a low dose (25 p g / L ) studied by others.
During all exposures, growth, metamorphosis, fat body (a lipid storage organ) size and liver weights
were measured. In selected studies, feeding behavior was recorded, microscopic evaluations were
conducted, qRT-PCR was performed on selected genes, and ATP and ADP levels were measured.
The low-level exposure had no effect on tadpoles. Tadpoles exposed to runoff levels were
smaller than unexposed controls by 3 days into the exposure and were still smaller at the end of the
studies. Some groups also experienced slowed metamorphosis. Interestingly, appetite was not
decreased in these tadpoles. Livers and fat bodies were also smaller at the end of exposure. Liver
ADP:ATP ratios indicated these animals had some difficulty maintaining adequate energy levels. Using
qRT-PCR, we showed changes in gene expression 24 hours into exposure. The genes affected were
indicative of an early stress response to exposure. Clearly, acutely and chronically exposed tadpoles
were compromised potentially decreasing their ability to survive the stresses of metamorphosis and
reducing their reproductive fitness.
It is significant that changes were noted within 72 hours of exposure since, in the field, tadpoles
could encounter similar exposure rates. Therefore, these data are relevant to field conditions. These

studies are among the first to link physiological effects of atrazine to changes in tissue and gene
expression in Xcnopus laevis tadpoles. These studies provide the groundwork for future studies into the
mechanisms behind responses to chemical stressors generating data resulting in a better understanding
of how these chemicals affect us all.

UMI Number: 3470416

All rights reserved
INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

Dissertation Publishing

UMI 3470416
Copyright 2010 by ProQuest LLC.
All rights reserved. This edition of the work is protected against
unauthorized copying under Title 17, United States Code.

ProQuest LLC
789 East Eisenhower Parkway
P.O. Box 1346
Ann Arbor, Ml 48106-1346

Copyright by
Renee Maryanne Zaya
2010

ACKNOWLEDGEMENTS

The amount of work that has gone into this thesis could not have been accomplished by one
person. I would first like to acknowledge Zakaryia Amini and Ashley Whitaker who stood side by side
with me washing, and washing, and washing dishes. They also contributed by generating some of these
data and in doing so helped to tell a more complete story about atrazine and tadpoles. Without Zak and
Ashley, this body of work would be severely lacking.
I also owe a great deal to my advisor, Dr. Charles F. Ide, who took me on first as a volunteer
looking to learn some new techniques and then as a graduate student. I have appreciated his candidness
and constructive approach to mentoring me. I especially appreciate his willingness to entertain almost
any crazy idea. It has made me a better and more creative scientist.
I would also like to thank all of the faculty in the Department of Biological Sciences who
willingly entertained my questions. Among that faculty are my remaining committee members Drs.
Bruce Bejcek, Susan Stapleton, and Robert Eversole all of whom were also one of my professors. I have
learned much from each of you.
I would like to thank my family, Matthew, Adrienne, and Cecilia, for all the support,
encouragement, and patience they've afforded me over the last few years. Finally, thanks to my Mom and
Dad for giving me the confidence to comfortably test and expand my boundaries.

Renee Maryanne Zaya

ii

T A B L E O F CONTENTS

ACKNOWLEDGEMENTS

ii

LIST OF T A B L E S

v

LIST OF F I G U R E S

vi

CHAPTER
I.

II.

III.

AN I N T R O D U C T I O N TO A T R A Z I N E

1

Environmental Fate

2

Atrazine Transformation

4

Bioconcentration and Bioaccummulation

5

Atrazine's Toxicity

6

Human Exposure and Risks

8

XENOPUS
LAEVIS T A D P O L E S E X P O S E D TO A T R A Z I N E T H R O U G H
D E V E L O P M E N T SHOW D E F I C I T S IN G R O W T H , B O D Y
CONDITION AND L I V E R H E A L T H INDICATING
P E R T U R B A T I O N S IN E N E R G Y H O M E O S T A S I S

11

Introduction

11

Methods and Materials

13

Results

20

Discussion

40

Conclusion

46

A T R A Z I N E A F F E C T S E X P R E S S I O N O F K E Y G E N E S IN M E T A B O L I C
P A T H W A Y S I N T E G R A L TO E N E R G Y H O M E O S T A S I S IN
XENOPUS
LAEVIS T A D P O L E S

48

Introduction

48

Methods and Materials

48

Results

55
iii

Table of Contents-Continued
CHAPTER

IV.

Conclusion

65

CONCLUSION

67

REFERENCES

73

APPENDICES

84

A.

B.

Western Michigan University Institutional Animal Care and Use protocol approval
letter

84

Summary of results tables for all exposures

86

IV

LIST OF TABLES

Physiocochemical characteristics of atrazine
Summary of experimental design for individual exposures
Summary of atrazine-related effects of Xenopus lacvis tadpoles exposed
to atrazine throughout development
qRT-PCR genes tested and primer probe sequences
qRT-PCR results for genes whose expression was not significantly changed
from controls
Over-represented and under-represented metabolic pathways in tadpoles exposed
to 4 0 0 ng/L atrazine throughout development determined by Affymetrix DNA
Microarrays and GeneSifter™ on-line software

LIST OF F I G U R E S

1.

2.

3.

4.

5.

6.

7.

Mean weekly body weight per tadpole during exposure to atrazine throughout
development for all studies

24

Mean individual tadpole body weight at 24, 48, and 72 hours into atrazine
exposure for Study C and Study F

27

Mean weekly metamorphic stage per tadpole during exposure to atrazine
throughout development for all studies

28

Mean weekly feeding incidence per bowl during exposure to atrazine
throughout development for Studies D, E and F

31

Exposure to 200 and 400 Hg/L atrazine throughout development decreased
fat body size in tadpoles

33

Electron micrographs of hepatic mitochondria from control and 400 |J.g/L
atrazine-exposed tadpoles

36

Electron micrographs of bile canaliculi in livers from Stage 62 control and
400 |ig/L atrazine-exposed tadpoles

8.

9.

39

Activated Caspase-3 immunopositive cells in the liver from tadpoles
exposed to 400 pg/L atrazine

40

Differentially expressed genes in tadpoles after 24, 48, 72 hours and 14 days
of exposure to 400 pg/L. atrazine as determined by q R T - P C R

57

10. Absolute A T P concentration and A D P : A T P ratios of tadpoles exposed
to 0, 200 or 400 pg/L atrazine early in exposure and in their livers
at the end of exposure (Stage 62)

VI

59

1
CHAPTER I
AN I N T R O D U C T I O N T O A T R A Z I N E
Since its approval for use in 1958, atrazine (2-cWoro-4-ethylamino-6'isopropylamino-s-trizine)
has become the one of the most heavily used herbicides in the United States with approximately 76.4
million pounds used annually (EPA 2008). Atrazine works by binding to the QB protein of Photosystem
II in the chloroplast, halting photosynthesis and ultimately starving the plant (Stevens and Sumner 1991).
It is primarily used in the Midwest in agricultural settings to control weeds in key crops and on
residential and recreational lawns, in fallow fields, commercial tree farms and easements. It is the second
most frequently found pesticide in drinking water wells due to its degree of use, ability to persist in soils,
and to move with water (EPA 2009a). Syngenta, atrazine's manufacturer, markets atrazine for its low
cost, use in no-till/conservation tillage, increased crop yields, and safety.
Regardless of the claims, a great deal of controversy has arisen about the safety of atrazine.
Many investigators have reported a variety of atrazine-related toxicological effects in several model and
indicator species. In mammals, birds, reptiles, fish and amphibians, atrazine is associated with endocrine
disruption (Cooper ct al 2000a, Stoker ct al 2002; Bisson and Hontela 2002; McMuIlin et al 2004;
Holloway et al. 2008; Fan et al 2008), is teratogenic, developmentally toxic (Infurna ct al 1988; Weigand et
al. 2001; Gammon ct al 2005), immunotoxic (Pruett et al 2003, Brodkin et al 2007; Rowe et al 2 0 0 7 , 2 0 0 8 ;
Pinchuk et al 2007), and causes disturbances in homeostasis and normal behavior (Weigand et al 2001;
Nieves-Puigdoller etal. 2007). In response to all of these studies, the EPA has established atrazine's
Maximum Contaminant Level ( M C L ) in drinking water as 3 parts per billion (ppb, P-g/L) and the 90-day
average of atrazine plus total chlorotriazines in raw water as 37.5 ppb. These levels are considered to be
protective of infants, children, and adults.
Although the EPA's Office of Pesticide Programs has determined that atrazine is safe when used
according to approved label directions and precautions, it allows only certified applicators to apply
atrazine. Due to atrazine's high level of use, in 2003 the EPA initiated an atrazme-monitoring program in
more than 100 Midwestern community water systems where the use of atrazine poses a risk. It found
that in about 10% of these water systems, levels have exceeded either the MCL of atrazine in drinking
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water or the 90-day average of atrazine plus total chlorotriazines in raw water. In response to these
exceedences, the EPA decided to continue to monitor atrazine levels. If levels exceed 37.5 pg/L two times
in different years in the five-year monitoring period, atrazine use would be banned in some of these
watersheds (EPA 2010). In the update posted in April 2010, the EPA announced that none of the
watersheds had two incidences where atrazine exceeded the 37.5 pg/L level. Regardless, the EPA
continues to monitor community water systems. Seven countries in the EU have banned the use of
atrazine in the mid 1990's.

Environmental Fate
Atrazine is sold as an emulsifiable concentrate, a water dispersible granular (dry flowable), a
wettable powder, and as a ready-to-use formulation (EPA 2008), alone or in combination with other
herbicides (Syngenta 2010). It is primarily applied by ground spraying of the liquefied product, but aerial
spraying is also used in selected areas. After application, atrazine is taken up by plants, retained in the
soil, removed and transported by water and/or air, and chemically and microbially degraded. All of these
fates are influenced by the local soil and weather conditions and the agricultural practices used
(reviewed in Giddings et al 2005 and LeBaron et al 2008).
Atrazine's physicochemical properties are listed in Table 1. Atrazine is a weakly basic
compound with moderate aqueous solubility and nearly no volatility. As indicated by its low octanolwater and soil-water partition coefficients, atrazine has the potential to be removed from treated soils by
dissolution in water since it partitions only moderately between soil and the water column (for further
review see Giddings et al 2005). Consequently, studies have found optimal soil conditions for atrazine
retention include a high percentage of organic matter, a low sand content, an acid pH and a moisture
content slightly less than capacity (Verstraeten et al 1996, Kruger and Coats 1996).
Whether or not these soil conditions are met is directly influenced by weather. Although timely
rain events with moderate levels of rainfall are required to provide the best possible penetration of
atrazine for maximum efficacy (Fawsett 2008), heavy or frequent rainfall events correlate with the
appearance of peak atrazine and degradation product concentrations in runoff and surface water
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(Giddings et al 2005, Shipitalo and Owens 2003, Verstraeten et aL 1996). Atrazine could also be leached
into the soil below the root zone and be further transported to ground water (Eckhardt and Wagnet
Table 1. Physicochemical characteristics of atrazine*
CAS number
Molecular Weight
Water solubility
Vapor Pressure
Henry's Law Constant
Octanol-Water Partition Coefficient
Soil-Water Partition Coefficient
. ,.rr
\
(range m different soil types)
Soil Organic Carbon-Water Partition Coefficient (range in
different soil types)
* Data from Giddings et al 2005.

1912-24-9
215.7
33 mg/L at 22°C, pH 7.0
2.89xlO'7mmHgat25°C
2.48 x 10'9 atm m mol'1
2.68
___
,
0.20 to 12.6
^ ^ ^^

1996). On the other hand, dry, windy, and hot weather provides conditions that favor atmospheric
transport of tiny amounts of atrazine, carrying and depositing it via precipitation up to hundreds of
kilometers away (Thurman and Cromwell 2000, Majewski et al 2000). Schottler and Eisenreich (1997)
reported on a dynamic mass balance model for atrazine in the Great Lakes which estimated that 95% of
the annual input of atrazine into Lake Superior, approximately one ton/yr, is via the atmospheric route.
It has been estimated that approximately 1% to 10% of atrazine per year is lost from the soil to runoff
water (Thurman and Cromwell 2000, Giddings et al 2005) and 0.6% is lost through atmospheric
transport (Goolsby et al 1997).
In addition to the weather's effect on the optimal soil conditions for atrazine retention, agricultural
practices also play a role. The methods of atrazine application, tillage, the concurrent application of
fertilizers, and previous use of atrazine all influence its retention. Ground application of atrazine, the
most common method of application, reduces spray-drift versus aerial spray. When applied as a preemergent on a seeded row in a band, atrazine concentrations in runoff were decreased by one third as
compared to broadcast application (Gaynor et al 1995). While atrazine is marketed for use with
conservation tillage or no-tillage practices, Gaynor et al (1995) determined standard tillage results in less
atrazine runoff than the latter methods of tillage. The addition of ammonia to soils reduces atrazine
sorption to soil particles and increases its ability to leach though the soil (Clay et al 1996). Lastly,
previous applications of atrazine result in the development of microbial populations that are increasingly
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more efficient in degrading atrazine (Yassir et al 1999), reducing the range of its half-life from 60 to 4 0 0
days to 1 to 50 days (Shapir etal 2007).
Atrazine Transformation
Atrazine is degraded in the environment into six known primary transformation products that
include hydroxyatrazine (HA), desethylatrazine (DEA), deisopropylatrazine (DIA),
diaminochloroatrazine (DACT) deethylhydroxyatrazine (DEHA) and desisopropylhydroxyatrazine
(DEHA). These products result from photolysis, hydrolysis (reviewed in Cessna et al 2008 and Giddings
et al 2005), and microbial degradation of atrazine (reviewed in Mandelbaum et al 2008) and can be found
in both soil and aquatic ecosystems (Shipitalo and Owens 2003, Kruger and Coats 1996, Thurman and
Fallon 1996, Giddings et al 2005, Solomon et al 2008). The EPA considers DEA, DACT, and DIA to be
toxicologically equivalent to atrazine (EPA 2 0 0 6 ) and has not set MCL for any of these transformation
products individually, but considers them in total with atrazine, referred to as total chlorotriazines. It
has set a "performance standard level of concern" (a 90-day average of atrazine plus total chlorotriazines)
at 37.5 pg/L in its drinking water monitoring program (EPA 2009b). Hydroxyatrazine is not included in
this grouping because it hasn't been found to induce the same toxicological profile as the other
metabolites (EPA 2006).
Biotransformation of atrazine in animals and humans is carried out through Phase I metabolism,
the addition of reactive polar groups by Cytochrome P450's, followed by Phase II metabolism, the
production of more water soluble compounds through conjugation to glutathione by glutathione-stransferases (Adams et al 1990, Egaas et al 1993, Kreuz et al 1996, Lang et al 1996, Buchholz et al. 1999,
Hanioka et al 1999, Abel et al 2004, Edginton and Rouleau 2005, Barr et al. 2007). Plants also metabolize
atrazine using these same mechanisms although the enzymes, molecules used for conjugation, and
pathways used are complex and vary with plant species (reviewed in Simoneaux and Gould 2008, Kreuz
et al 1996). Regardless of the metabolic pathway, atrazine is degraded by plants and animals into several
of the same degradation products, namely DACT, DIA, DEA, HA and glutathione conjugates although the
ratios and rates of production of these metabolites vary between the species (Adams et al 1990, Egaas et al
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1993, Lang et al 1996, Hanioka et all999, McMullin et al 2003, Edginton and Rouleau 2005, Ross and
Filipov 2006, Barr et al 2007).
Bioconcentration and Bioaccummulation
Due to its physiochemical characteristics, atrazine is not predicted to significantly
bioconcentrate (to be absorbed and accumulated in an organism's tissues from its surroundings) or to
biomagnify in the food chain. Giddings et al ( 2 0 0 5 ) presents a table of bioconcentration factors for
atrazine for a number of plant and animal species. Bioconcentration factors ( B C F ) ranged from being
undetectable in bullfrog tadpoles to a factor of 12 in bluegill sunfish although no concentrations,
exposure route, or length of exposures are listed. These BCF values were considered low (<10) in most of
the species tested. Ellgehausen et al (1980) have calculated a BCF of 2 (log 0.329) for catfish (Ictalurus
melas) exposed to approximately 10 pg/L atrazine for 4 days. However, several studies have found
bioconcentration/bioaccumulation rates that are higher than 10 in several other fish species.
Weigand et al (2001) exposed zebrafish embryos to 2.59 pg/L of atrazine for 2 4 hours and
calculated that atrazine was bioconcentrated by a factor of 19.3. Bioconcentration of atrazine was also
observed in banded tilapia (Tilapia sparrmanii) ovaries (50ug/g) and liver ( 4 0 p g / g ) after exposure to 16
mg/L for 72 hours (Du Preez and van Vuren 1992). In another study, Cashman et al (1992) found
moribund versus healthy striped bass had significantly more atrazine (as well as other contaminants
such as hydrocarbons, PBC, other agricultural pesticides) in their livers; they calculated a
bioconcentration factor of 58 (log 1.77). The authors discussed the possibility that the high levels of
atrazine and other contaminants found in the liver of wild caught fish were responsible for large die-offs
of striped bass (Cashman 1992) reported in Sacramento-San Joaquin delta.
Bioconcentration of atrazine is a reflection of atrazine's metabolites generated in the exposed
organism. Edginton and Rouleau ( 2 0 0 5 ) exposed just-metamorphosed (stage 6 6 ) African Clawed frog
([Xcnopus lacvis) tadpoles to 410 pg/L 14 C atrazine for 8 hours. Atrazine was rapidly absorbed within the
first hour of exposure and was efficiently eliminated, resulting in a half-life of 4 8 min for atrazine. From
these data, they calculated 1.5 -1.6 mL of water was cleared of 14 C atrazine/g of tadpole. However, they
noted that metabolites were not as quickly eliminated. DIA, which exhibited an extremely slow
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elimination rate, had a half-life of 72 hours. The authors concluded that in these animals, atrazine
elimination wasn't due solely to the excretion of atrazine but was primarily due to the biotransformation
of atrazine into its metabolites. The gall bladder, gastrointestinal tract and liver showed greatest
accumulation of radioactivity after atrazine exposure. I n X laevis tadpoles, metabolites made up 50% of
the body burden of X laevis after only 8 hours of exposure resulting in the higher BCF of 4.4 mL water/g
of tadpole for all radioactive residues.
A similar bioconcentration and elimination profile for atrazine was found when Gorge and
Nagel (1990) exposed juvenile zebrafish (Brachydanio rerio) to 135 ppb 14 C atrazine for 4 8 hours. They
found atrazine was rapidly absorbed and reached a steady state within 1 - 5 hours; they determined a
BCF of 6 for this stage of fish. As was noted in X laevis tadpoles, they also found that the final elimination
of atrazine was 'Very slow" leaving a large fraction of labeled atrazine in the fish.

Atrazine's Toxicity
In traditional toxicology studies, which use dogs, rats, rabbits, and mice, atrazine and its
metabolites have been reported to cause a number of adverse effects. After chronic exposure (1 year or
longer), these model organisms showed decreased food consumption and body weight; cachexia; changes
in hematological parameters; degenerative, hyperplastic and inflammatory changes in the mammary
gland, heart, kidney, skeletal muscles, prostate, and eyes; extramedullary hematopoiesis; and changes in
normal reproductive development and hormone levels (Dooley et al 2006, Gammon et al 2005; McMullen
et al 2004; Laws et al 2003; Santa-Maria et al 1987; Stoker et al 2002; Tennant et al 1994; Rayner et al 2005;
Cooper et al 2000; Birnbaum and Fenton 2003). W h e n given to pregnant rats and rabbits, atrazine
resulted in increased rates of spontaneous abortion, fetus resorption and incomplete ossification,
possibly as an indirect effect of atrazine-related maternal toxicology (Infurna et al 1988).
Atrazine has been associated with delays in organogenesis, disturbances in physiological
homeostasis, lipid and protein metabolism, and changes in behavior in fish and quail (Srinivas et al 1991,
Alvarez and Fuiman 2005, Wiegand et al 2001, Nieves-Puigdoller et al 2007, McCarthy and Fuiman 2008;
Eason et al 2002, Ottinger et al. 2006). In frogs, atrazine exposure caused anorexia and respiratory
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distress (Allran and Karasov 2001), retarded metamorphosis (Freeman et al. 2005a, 2005b), increased
mortality (Storrs et al 2004), and interfered with normal gonadal development (Tavera-Mendoza et al
2001,2002).
Atrazine has been suspected to depress the immune system. Recently, studies have been
conducted that back up this hypothesis. Atrazine has been found to interfere with cellular responses to
immunogens in mice, rats and frogs (Filipov et al 2005, Pinchuk et al 2007, Rooney et al 2003, Houck and
Sessions 2006, Brodkin et al 2007). Our laboratory recently reported that genes encoding a number of
immunoprotective proteins secreted by X. laevis skin were downregulated after atrazine exposure
throughout development (Langerveld et al 2009). In vitro, atrazine has been shown to impede the release
of lytic granules from human natural killer cells at concentrations that may be encountered in exposed
humans (Rowe et al 2007).
A number of toxicological effects have been attributed to the ability of atrazine, and its major
metabolites to interfere with normal endocrine function. Studies have shown that orally administered
atrazine and/or DACT interferes with hypothalamic control of the pituitary-gonadal axis in rats by
altering circulating levels of lutinizing hormone and prolactin (Cooper et al 2000, McMullin et al 2004,
Stoker et al 2002). This mechanism is thought to be the basis of mammary tumor development in
Sprague-Dawley rats, accelerated aging of female reproductive organs in the rat and the delayed start of
puberty and gonadal development in male rats (Stoker et al 2002, W e t z e l et al 1994; Stevens et al 1999).
Other effects attributed to endocrine disruption include abnormalities in mammary gland development
in the offspring of rats given atrazine during pregnancy (Birnbaum and Fenton 2003, Rayner et al 2005),
changes in the expression of genes responsible for the production of steroids in male rats (Pogmic et al
2009), inhibition of enzymes involved with the conversion of testosterone into active signaling
compounds in male rats (Babic-Gojmerac et al. 1989), reductions in reproductive hormones in male and
female rats, quail (Stoker et al 2002; Wilhelms et al 2 0 0 5 ) and X laevis frogs (Hecker et al 2005).
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Human Exposure and Risks
The implications of atrazine toxicity are also important to understand for use in human risk
assessments. Although acute exposure to low doses of atrazine is thought to have little toxicity for
humans, it's activity as an endocrine disruptor and reported carcinogenic potential make it crucial to
understand the risks involved with exposure. Low-dose chronic exposure is known to occur even in
individuals that are not involved with the application or manufacture of atrazine (Curwin et al 2007,
Adgate et al 2001, Hines et al 2006). It has been estimated that approximately 6 0 % of the US population
is exposed to atrazine at a rate of 0.438 pg/kg/day for acute exposures and 0.107 pg/kg/day for chronic
exposures (Birnbaum and Fenton 2003, Gammon et al 2005). This exposure comes primarily from
contaminated drinking water (Gammon et al 2005). Of course, populations most affected are those in
proximity of atrazine's use. In agricultural areas, even families not involved in fanning have been found
to have traces of atrazine in their saliva and urine (Curwin et al 2007). Exposure in agricultural and rural
populations is thought to occur through particulates in dust, carry-over from applicator's clothing, and
via drinking water.
The consequences of exposure to atrazine in humans can only be predicted from data generated
from toxicology studies using animals and in vitro systems. Using these data sources, the EPA predicts
congestion of the heart, lungs and kidneys; low blood pressure; muscle spasms; weight loss and adrenal
gland damage as consequences of acute exposure to levels greater than the 3 pg/L MCL. Long-term
exposure to levels greater the 3 pg/L MCL could result in weight loss, cardiovascular damage, retinal and
muscle degeneration, and cancer (EPA 2009a).
Interestingly, the EPA's Cancer Assessment Review Committee officially states that atrazine is
"not likely to be carcinogenic to humans" (EPA 2 0 0 6 , 2 0 1 0 ) primarily because the mechanisms causing
tumor growth in animals are not appropriate for humans. Studies have shown that there is no causal
association between atrazine and prostate or ovarian cancer (Young et al 2005, Rusiecki et al 2004).
However, two types of cancer thought to be caused by atrazine because of it action as an endocrine
disruption and a number of studies report an association between atrazine and the development of lung,
bladder, non-Hodgkin's lymphoma, multiple myeloma, and breast cancer (Rusiecki etal 2004, Kettles et
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al. 1997, Sathiakumar et al. 1996). In October of 2009, the EPA announced that it would reassess data
regarding atrazine's potential carcinogenicity starting in September of 2010 (EPA 2010).
The EPA's interest in atrazine has spurred more epidemiological and mechanistic study into its
effects in humans. Manske et al. (2004) reported that low, environmentally relevant doses slowed
proliferation of human fibroblasts in cell culture. The authors propose that these results may explain a
mechanism behind the findings of an epidemiologic study by Munger et al. (1997) that pregnant women
exposed to a mixture of three herbicides that included atrazine had an increased risk of intrauterine
growth retardation (IURD). They reported that atrazine had the strongest association with IRUD
compared to the other herbicides although a direct correlation could not be determined from the study.
As is suspected with a number of other pesticides, recent studies propose that exposure to
atrazine may be a causative environmental factor in CNS diseases including Parkinson's disease,
schizophrenia, attention deficit disorder, and learning and memory impairment. Recent studies in rats
and mice (Rodriguez et al. 2005, Coban and Filipov 2007) have shown that acute and chronic low-level
dietary exposure to atrazine result in decreases in monoamine levels and the loss of neurons in the striata
of both species. The levels of atrazine used in these studies were higher than estimated human
exposures; however, the effects noted were detected long after cessation of exposure (Rodriguez et al.
2005; Coban and Filipov 2007). In vitro studies using rat striatal tissue were conducted to determine the
etiology of the dopaminergic toxicity (Filipov et al. 2007; Hossain and Filipov 2008). These studies
indicated that atrazine and two of its metabolites, DEA and DIA, increased cellular uptake and inhibited
vesicular storage of dopamine in the striata. These events were predicted to cause an increase in freecytosolic dopamine, leading to an increase in the oxidation of dopamine and the production of reactive
oxygen species (ROS) finally resulting in ROS-mediated cell toxicity (Hossain and Filipov 2008).
Atrazine has gained a fair amount of media attention in the past few years. Tyrone Hayes'
reports that atrazine causes gonadal abnormalities in native frogs at levels three times lower than the
EPA's maximum contaminant level for atrazine has been highlighted on PBS. An article in the New York
Times in August 2009 reported that in some states the percent of the population potentially exposed to
atrazine is as high as 70%. The EPA's atrazine monitoring program has consistently found atrazine in
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community water systems sometimes at levels requiring remediation. As a result, many municipalities
are suing the maker of atrazine to recoup the cost of remediation. Because of these issues and the litany
of reports that atrazine and its metabolites cause a variety of adverse effects in a variety of species, the
elucidation of the mechanism(s) behind these effects is prudent.
Therefore, the aim of this thesis was to investigate and characterize some of the responses of
developing X laevis tadpoles when exposed to atrazine. To do so, I set out to link atrazine-induced
changes in gene expression and energy stores with atrazine-related changes i n X laevis physiology. W e
carried out a series of studies that exposed X. laevis tadpoles to identical, environmentally appropriate
levels of atrazine throughout development. Each study measured a standard set of parameters as well as
additional parameters in the hopes of finding further insight into the core mechanism(s) behind
atrazine's effects on these tadpoles. By doing so, we established an exposure protocol that resulted in
these same physiological changes and allowed us to conduct additional assays to elucidate any other
adverse responses at the tissue, biochemical and transcriptional levels. These studies provided reliably
reproducible results allowing us to draw conclusions about the tadpole's metabolic and gene expression
responses to atrazine using the supplemental tests.
Consistent results between studies in the literature have been elusive and the lack thereof has
resulted in the controversy surrounding the safety of atrazine. In developing a standardized protocol
that results in a repeatable set of effects, we can confidently draw conclusions from the results of
supplementary tests designed to elucidate the less obvious consequences of atrazine exposure. The data
generated by these studies are among the first to link physiological effects of atrazine to changes in tissue
and in gene expression in tadpoles oiXenopus laevis. It is hoped that these studies will provide the basis
for further study into atrazine's adverse effects.
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CHAPTER II
XENOPUS LAEVIS TADPOLES EXPOSED TO ATRAZINE THROUGH DEVELOPMENT SHOW
DEFICITS IN GROWTH, BODY CONDITION AND LIVER HEALTH INDICATING
PERTURBATIONS IN ENERGY HOMEOSTASIS
Introduction

The presence of agricultural, pharmaceutical and industrial chemicals in our environment is
ubiquitous. As these chemicals become more intensively and widely used, they are being detected in
more places and at higher concentrations than before. These chemicals have been implicated in
decreases in population of both endangered and sentinel frog species. Exposures result in adverse affects
including immunosuppression, loss of fertility and fecundity, developmental abnormalities, behavioral
changes, and mortality that, in conjunction with habitat loss and climate change, have resulted in the
amphibian population losses noted by scientists worldwide (Stuart et al. 2004).
Atrazine (2-chloro-4-ethylaminO'6-isopropylamino-s-triazine), is one of the most widely used
and commonly detected herbicides in North America and, because so, is under a great deal of scientific
scrutiny by both governmental and academic investigators. Hayes et al (2002,2003) reported that
tadpoles exposed throughout development to as little as 0.1 pg/L of atrazine had an increased risk of
developing intersex gonads. This finding created a great deal of concern since the EPA's maximum
contaminant level (MCL) in drinking water for atrazine is 3 pg/L, well above the level that resulted in the
effect. As a result, much research effort has been focused on studying this effect at similar exposure
levels (Carr et al 2003; Hecker et al 2004,2005; Jooste et al 2005; Murphy et al 2006; Oka et al 2008, Rohr
et al 2008, Kloas et al 2009; Langlois et al 2010), but many investigators have been unable to reliably
repeat the results found by Hayes et al (2002,2003). Consequently, on July 2009, the EPA deemed that
atrazine is unlikely to result in an increased risk of gonadal malformations in frogs exposed to levels
found in the environment (EPA 2009b). Regardless, atrazine's effect on amphibian gonadal development
remains a primary interest in ongoing research. As a result, less research regarding the other affects that
exposure has on frogs has been conducted.
The studies that have been conducted have found that atrazine exposure results in adverse
effects in a number of frog species. Using exposure levels starting as low as 0.1 pg/L, those frequently
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found in ground and surface water (EPA 2009b), several investigators have reported delays in
metamorphosis in tadpoles from the Northern Leopard frog (Rana pipiens) (Langlois et al. 2010; Rohr et al
2008), the Gray Treefrog (Hyla veriscolor) (LaFiandra et al 2008), the green frog (Rana clamitans) (Coady et
al 2004), and the African Clawed frog (Xenopus laevis) (Freeman and Rayburn 2005). In contrast, many
others have found that metamorphic rate was not affected after exposure to similar nominal
concentrations (Carr etal 2003; Coady etal. 2005; Hayes etal. 2 0 0 2 , 2 0 0 3 ; Oka etal. 2008; Kloas 2009);
these differences could, in part, be explained by differences in experimental design and which species
were used. Atrazine was also shown to be immunotoxic at low, frequently detected levels for both adult
and developing northern leopard frogs after a short exposure (Brodkin et al 2007; Houck and Sessions
2006; Rohr etal 2008).
At less frequently reported environmental levels of atrazine, concentrations of 3 to 150 p g / L
(Huber 1993), investigators observed increased mortality in a number of frog species (Storrs and Kieseker
2004; Solomon et al 2008). Interestingly, tadpoles exposed to 3 pg/L exhibited greater mortality rates
that those exposed to 30 and 100 pg/L (Storrs and Kieseker 2004). Additionally, tadpoles exposed to
2 0 0 pg/L of atrazine were lighter and shorter than their unexposed counterparts (Diana et al 2 0 0 0 )
although other investigators did not note these changes during their studies (Hayes et al 2003; Coady et
al 2005; Kloas et al 2009), possibly due to the lower levels of atrazine used in their exposures.
At higher, experimental exposure levels, atrazine has been found to cause a variety of adverse
effects. Allran and Karasov (2001) showed that of 2 x l 0 4 p g / L atrazine increased respiration rates and
induced anorexia within 14 days in adults of several species of North American frogs. At similar
concentrations, atrazine interfered with normal development (Allran and Karasov 2001). Increased
numbers of X laevis tadpoles with malformations in multiple tissues and increased presence of apoptotic
cells in the kidney and midbrain were noted after exposure in early development (Lenowski et al 2008).
Although Tavera-Mendoza etal. ( 2 0 0 1 , 2 0 0 2 ) found exposure to only 21 pg/L altered gonadal
development in X laevis tadpoles.
Our laboratory recently reported findings that X. laevis tadpoles exposed to 4 0 0 pg/L atrazine
throughout development had an increased mortality rate immediately prior to metamorphosis, had a
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reduced growth rate, were smaller in weight and length, and had reduced body fat stores (Langerveld ct
al. 2009). In addition, there were changes in the expression of genes involved with growth and
metabolism, as well as immune function, dietary protein digestion and new protein synthesis. Noted
changes in gene expression in conjunction with measurable differences in body size and lipid stores in
these animals lead to the hypothesis that exposure to 4 0 0 pg/L atrazine throughout development
resulted these animals experiencing an energy deficit. This thesis describes the findings of a series of
studies investigating this effect. I show that the effects observed previously were consistently
reproducible in this series of studies with exposure to 4 0 0 pg/L and that some of these effects were also
noted at 200 pg/L. I also show that the livers of tadpoles exposed to 4 0 0 pg/L were compromised as
indicated by an increase in apoptotic cells and decrease in relative liver weight (liver weight as a percent
of body weight). It is hoped that the findings from these studies will be used in model development for
use in risk assessments and for future studies into how atrazine poses a threat to frog populations.

Methods and Materials
This thesis reports the findings of six separate studies and the following section describes the
general protocol for all of them. Details regarding the specific experimental design of each study can be
found in Table 2. Western Michigan University's Institutional Animal Care and Use Committee
approved all procedures (Appendix A).

Exposures
A stock solution of 25 mg/L atrazine (Sigma-Aldrich, St. Louis, MO) in water was prepared.
Atrazine was added to filter-sterilized ultrapure water; the mixture was sonicated and warmed to 50°C
for no more than 15 minutes to dissolve the atrazine. The stock solution was diluted in exposure water
to make final exposure solutions with nominal concentrations of 0 (Control), 25,200, or 4 0 0 pg/L of
atrazine. To validate the preparation protocol for these exposure solutions, samples of the stock solution
and a dilution of the stock, with a final concentration of 1 pg/L, were assayed by an EPA certified
laboratory (KAR Laboratories, Inc., Kalamazoo, MI). Both the stock and 1 pg/L solution had
concentrations of atrazine that were within ± 4% (25.3 mg/L and 0.96 pg/L, respectively) of target
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concentrations. The concentration of 1 pg/L was chosen because it fell within the detectable range of the
validated assay specifically for atrazine, assay #EPA 525.2. The stock solution was assayed by gas
chromatography using a nitrogen-phosphorus detector, assay #EPA 8000.

Animals
Eggs were obtained after inducing adult X laevis to breed using a series of injections of human
chorionic gonadotropin (Sigma-Aldrich, St. Louis, MO) according to the recommended injection
schedule (Etheridge and Richter, 1978; Nasco, Fort Atkinson, W I ) . A different set of parents was used
for each study. Eggs were placed into spring water (Absopure™, Plymouth, MI) and allowed to hatch at
room temperature. Five days post-hatching, at approximately Nieuwkoop and Faber stage 47
(Nieuwkoop and Faber, 1994) tadpoles were separated into 20 x 20 cm glass bowls (initial N < 22 per
bowl as required for each study's sampling protocol) containing 1L of spring water with or without
atrazine. After 2 weeks, tadpoles were randomly split to a density of no more than 4 per bowl. Spring
water was replaced with dechlorinated charcoal-filtered tap water with or without atrazine for the
remainder of the exposure. To control for environmental variation, all bowls were randomly positioned.
Tadpoles were maintained at 19 - 23°C with ambient light exposure. Exposure water was completely
replaced 3 times weekly. Tadpoles were fed a suspension of powdered Purina rabbit chow #5354 ad
libitum.

Measurements
Once weekly, the total weight of all tadpoles in each bowl was measured and each tadpole was
staged according to Nieuwkoop and Faber (1994). Appetite was monitored in t w o studies; tadpoles
were observed immediately prior to water changes and the percentage of animals exhibiting feeding
behavior was recorded. Any mortality was also recorded.
W h e n tadpoles reached their predetermined collection stage (stage 58 or 62), they were
euthanised by submersion in 0.125 g / L MS222 (ethyl-3-aminobenzoate methanesulfonate salt; SigmaAldrich, St. Louis, M O ) measured and processed for morphological assessment. Each tadpole was
weighed, its snout-vent length measured, and age (in days) recorded, after which, each was dissected for
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gender determination and tissue collection. liver was excised and weighed. All tissues were fixed in
Bouin's fixative or the appropriate fixative for sample processing.
Tadpoles' fat bodies were photographed in situ to record their gross morphology using a Nikon
SMZ-V dissecting scope and MetaMorph software (Ver.4.1.7). Fat body area was measured using NIH
Image J software (Ver. 1.62). Depending on study design, livers and fat bodies were collected and
processed for light and/or transmission electron microscopy (TEM). In two studies (Study C and F), one
tadpole from each bowl was collected for qRT-PCR or ATP determination (results for these assays are
presented in Chapter 3). These tadpoles were anesthetized with MS222 as described above and
individually weighed at 2 4 , 4 8 , 7 2 hours and 14 days after the initiation of atrazine exposure. After
weighing, these tadpoles were immediately snap-frozen in liquid nitrogen and stored at - 8 0 ° C until
assayed (see Chapter 3 for further details).

Light Microscopy
Morphological Evaluation
Livers and fat bodies collected for morphological evaluation were fixed using Bouin's fixative.
After removing the Bouin's fixative from the tissue with 70% ethanol and following with dehydration
with increasing concentrations of ethanol and clarification with two methyl salicylate steps, tissues were
embedded in paraffin. Embedded tissues were sectioned at 5pm and stained with hematoxylin and eosin
( H & E ) using standard procedures. These tissues were evaluated for any atrazine-related morphologic
changes.

Liver Glycogen and Lipid Content Determination
In Studies A and F, liver was collected for quantitative determination of glycogen and lipid
content from stage 62 tadpoles exposed to 4 0 0 pg/L. Individual fivers were bisected; half was fixed in
aqueous Bouin's fixative for lipid staining while the other half was fixed in alcoholic Bouin's fixative for
glycogen staining (Presnell and Schreibman 1997). To determine lipid content, fixed fiver was
cryoprotected with 25% sucrose, frozen in freezing medium (Neg 50, Richard-Alan Scientific,
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Kalamazoo, MI), cryosectioned (10 pm) and stained with Oil Red O (ORO; Sigma-Aldrich, St. Louis,
MO; Presnell and Schreibman 1997).
To determine glycogen content, fixed liver was embedded in paraffin, sectioned (5pm), and
stained with Periodic Acid Schiff/Diastase (PAS) and counterstained with hematoxylin 1 according to
manufacturers directions (Stains: Richard Allan Scientific, Kalamazoo MI; Diastase: Sigma-Aldrich, St.
Louis, MO). On each liver slide, two to three sections were incubated with diastase prior to staining to
remove glycogen as a control for glycogen-specific staining. For quantitative analysis of glycogen
content, two randomly selected digested sections and three undigested sections of liver from each animal
(control: 10 males, 9 females; 4 0 0 pg/L: 9 males, 9 females) were photographed using a Spot Cooled Color
Digital Camera (Diagnostic Instruments, Inc) and Spot Software (Version 2.1.2) from a Nikon Eclipse
E600 microscope. The integrated density per unit area (IDa) was measured from each photographed
section using NIH ImageJ software (Ver 1.62) and the mean value calculated for each tadpole's tissues.
The amount of glycogen-specific staining, represented by the percent of maximum ID, was calculated for
each tadpole using Equation (1):

Equation 1: % max ID = (Mean IDa of undigested section * Mean IDa of digested section) xlOO

The mean percent of maximum integrated density of glycogen staining per bowl was analyzed
statistically.
For lipid content analysis, three randomly chosen sections of liver stained with ORO were
photographed as described above. The percent area of ORO staining was measured and calculated for
the liver from each tadpole (controls: 6 males and 8 females; 4 0 0 pg/L: 9 males and 7 females) using NIH
ImageJ software (Ver 1.62). The mean percent area of ORO staining per bowl was used in the statistical
analysis.

Fat Body Lipid Content
Fat bodies from tadpoles in Studies A, B, and F, were processed and stained with ORO
according to the procedures described above. Due to their convoluted structure and lacey appearance
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quantitative analysis of lipid content could not be confidently measured histologically. Therefore, these
samples were used only for qualitative evaluation of the presence or absence of lipid content.

Immunohistologic staining for Activated Caspase-3
Liver tissue was collected for immunohistologic detection of activated-caspase-3 from stage 62 animals
in Study D. After liver was excised and weighed, it was fixed in Bouin's fixative and embedded in
paraffin as described above and sectioned at 10 |J.m. Sections were deparaffinized with xylene and
rehydrated after which the slides were steamed for 30 minutes in a buffer of lQmM Tris Base, lmM
EDTA, 0.05% Tween 20, at pH 9.0 for antigen unmasking. The presence of activated-caspase-3 was
detected after an overnight incubation at 4°C with rabbit polyclonal anti-activated caspase-3 antibody,
diluted 1:400, as the primary antibody (abl3847, Abeam®, Cambridge, MA) followed by a one hour
incubation at room temperature with mouse anti-rabbit IgG biotinylated secondary antibody
(Chemicon/Millipore, Billerica, MA), diluted 1:200. Antibody binding was visualized using
3,3'-diaminobenzidine (DAB; Sigma-Aldrich, St. Louis, MO.) after incubation with ABC Elite kit reagents
(Vector, Burlingame, CA) as prescribed by the manufacturer. Sections processed without the primary
antibody served as negative controls and were found devoid of any staining. For quantitative analysis, 4
randomly chosen, stained sections of liver from each animal (Controls: 8 females and 5 males; 4 0 0 pg/L:
6 females and 7 males) were photographed using a Spot Cooled Color Digital Camera (Diagnostic
Instruments, Inc., Sterling Heights, MI) and Spot Software (Version 2.1.2) from a Nikon Eclipse E600
microscope. The total number of activated caspase-3 immunopositive cells in each section was counted
and normalized to the size of the section (#cells/pm 2 ) and the mean calculated for each tadpole. The
mean number of immunopositive cells per unit area per bowl was analyzed statistically.

Statistical Analysis
Although the studies discussed herein followed the same generalized exposure protocol, there were
differences between protocols that precluded pooling data for statistical analysis; therefore, each study
was independently analyzed. Each bowl was considered an experimental unit; therefore, mean data per
bowl for each parameter were used in the statistical analyses. For data collected at stage 58 or 62,

20
analyses were made of data for both sexes combined (all tadpoles per bowl) and for males and females
separately (all males or all females per bowl). To eliminate any possible effects due to differences in
tadpole number, only bowls with the same number of tadpoles were included in each analysis.
Mean weekly body weight (grams/tadpole), weekly metamorphic stage (stage/tadpole) and
incidence of feeding behavior (total number of times all tadpoles were observed feeding/week) for each
bowl was calculated. These data were analyzed for atrazme-related effects with a repeated-measures
ANOVA using an autoregressive covariance structure and Kenward-Roger method for both fixed effects
and degrees of freedom calculations using Proc Mixed in SAS Software version 9.2 (SAS Institute Inc.,
Cary, NC). Mean terminal body weight, snout-to vent length, age in days, liver weight and fat body size
relative to body weight, and image analysis data of hepatic glycogen and lipid content, and activated
caspase-3 immunopositive cells were analyzed with an ANOVA using StatView 4.0 software (SAS
Institute Inc., Cary, NC). Mortality and sex ratios were analyzed using a 2-by-2 Contingency test also
using StatView 4.0 Software.
Results
Individual data summaries for Studies A through F are presented in Appendices B through G,
respectively. A summary of all results across all studies is presented in Table 3.

Weekly Mean Body Weight
All of the tadpoles in each bowl were briefly removed and collectively weighed once per week during the
exposure until animals started to reach their predetermined collection stage. The mean weekly body
weight per tadpole was then calculated (Figures la-f). Analysis of these data was done without
considering the gender of each tadpole since gender could not be determined without dissection and only
bowls containing the same number of animals were included in the analyses.
Exposure to 25 pg/L of atrazine (Figure le) had no effect on weekly total body weights. Effects
of exposure to 2 0 0 (ig/L were mixed. In Study E (Figure le), there were no differences in mean weekly
body weight during exposure to 200 p g / L In Study F, (Figure If), although not statistically different on
all days measured, exposure to 2 0 0 pg/L resulted in smaller tadpoles throughout the exposure. However,
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Figure 1. Mean weekly body weight per tadpole during exposure to atrazine throughout development for
all studies. Exposures started five days post-hatch. Overall exposure effect was analyzed using a
repeated measures ANOVA; p values are listed for each study. Days with statistical differences versus
controls are noted ( * * p < 0.01 or *p < 0.05).
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Figure lc: Study C - Mean weekly body weight per tadpole
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Figure l-Continued
Figure Id: Study D - Mean weekly body weight per tadpole
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in all five of the exposures that used 4 0 0 pg/L of atrazine, tadpoles exposed to this level were
significantly lighter (p < 0 . 0 2 ) than controls (Figures la-d, and f).
In two studies (Studies C and F), tadpoles were collected early in the exposure for biochemical
analyses (See Chapter 3 for further details and results of these analyses.). One animal was removed from
each bowl at 2 4 , 4 8 , and 72 hours into the exposure, and individually weighed before being processed for
later analysis. Individual body weights were analyzed to determine whether there were any differences
in body weight at these time points. In both studies, tadpoles exposed to 4 0 0 pg/L were already smaller
within 4 8 hours of exposure; the decreases were significant (p = 0.03) within 72 hours of exposure
(Figures 2a and b).
These results showed that exposure to 4 0 0 pg/L of atrazine consistently resulted in significant
growth deficits in X. laevis tadpoles. In addition, when animals were individually weighed, these effects
were noted as early as 4 8 hours after the start of exposure. Exposure to 2 0 0 pg/L resulted in slightly
smaller tadpoles but these effects were noted in only one of t w o studies that used this exposure level.
This could indicate that 2 0 0 pg/L may be a threshold exposure level for this effect.

Weekly Mean Metamorphic Stage and Age at Termination
In Studies A, C, D, E, and F, all of the tadpoles in each bowl were briefly removed and
individually staged according to Nieuwkoop and Faber (1994) once per week during the exposure until
animals started to reach their predetermined collection stage. Stages were determined by one person
throughout the exposure to minimize variability. The mean weekly metamorphic stage per tadpole was
then calculated for each bowl (Figures 3a-e). Analysis of these data was done without considering the
gender of each tadpole since gender could not be determined without dissection. Only bowls with four
animals per bowl were included in the analysis. The tadpoles' age at stage 62 was also analyzed for any
atrazine-related change (Table 2 ) and was considered as an additional measurement of metamorphic
rate.
There were no differences in weekly metamorphic rates between control tadpoles at 25 and
200 pg/L (Figures 3d and e), nor was there a change in their age at stage 62 as compared to controls.
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Figure 2. Mean individual tadpole body weight at 2 4 , 4 8 , and 72 hours into atrazine exposure for Study
C and Study F. Days with statistical differences versus controls were calculated using an ANOVA and
are noted (** p < 0.01 or *p < 0.05).
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Changes in metamorphic rate were inconsistently noted at the 400 pg/L exposure levels. Only in Studies
C and D were metamorphic rates significantly reduced (p< 0.003; Figures 3b and c ) for atrazine-exposed
tadpoles. In Study D (age was not recorded in Study C), tadpoles also were older than controls by 6 to
10% (p < 0.05; Table 3) at stage 62 in all gender groupings (both sexes and males or females only).
The inconsistency in these effects was not entirely unexpected as there are several conflicting
reports of this effect in the literature (Carr et al 2003, Coady et al 2004,2005; Kloas et al 2009). This
could indicate that the exposure rates used were not high enough to induce frank changes in

Figure 3. Mean weekly metamorphic stage per tadpole during exposure to atrazine throughout
development for all studies. Exposures started five days post-hatch. Overall exposure effect was
analyzed using a repeated measures ANOVA; p values are listed for each study. Days with statistical
differences versus controls are noted ( * * p < 0.01 or *p < 0.05).
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Figure 3-Continued
Figure 3d: Study E - Mean weekly m e t a m o r p h i c stage per
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Figure 3e: Study F - Mean weekly m e t a m o r p h i c stage per
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metamorphic rate. In addition, these variations may be due to other factors including genetic make-up
(the spawnings for each study came from a different set of parents) or the time of year in which the
exposure was conducted (the studies were conducted in ambient light). However, it was interesting to
note that Study D, in which metamorphic rate was significantly affected, was also the study which had
the largest changes in the other parameters (Table 3).

Feeding Behavior
X. laevis tadpoles exhibit feeding behavior by positioning their heads downward at a 4 5 ° angle while
undulating the tip of their tails (Hoff et aL 1999). Tadpoles in Studies D, E, and F were observed for this
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behavior three or five days per week and the number of animals exhibiting this behavior was recorded
The total number of times tadpoles in each bowl were noted feeding was then tallied for each week
(Figures 4a-c).
Overall, there were no significant changes in feeding behavior at any of the exposure levels.
However, during the second week of exposure, feeding behavior was significantly increased for tadpoles
exposed to 4 0 0 pg/L in both Study D (p = 0.004, Figure 4a) and F (p = 0.02, Figure 4c). This short-term
increase in feeding suggests that tadpoles at this exposure level required additional nutritional or energy
needs and were eating more often to accommodate this need. Since feeding behavior was no different for
the remainder of the observation period, these tadpoles appeared to have either satisfied or adapted
physiologically to this need.

Mortality
Mortality was monitored throughout each of the exposures, except in Study C. There were no
differences in mortality between control tadpoles and tadpoles exposed to 25 or 4 0 0 pg/L atrazine
(Table 3). There was a slight increase in mortality in tadpoles exposed to 200 pg/L as compared to
controls (Study E: Fisher's Exact p value = 0.07; Study F: Fisher's Exact p value = 0.09). Since this
increase in mortality was noted in both studies that tested the 200 pg/L exposure level, it was not
considered a spurious effect but possibly a non-monotonic dose response to this level of exposure (Davis
and Svendsgaard 1994). Others have described similar phenomenon with mortality after exposure to
atrazine (Storrs and Kieseker 2004; Solomon et aL 2008).

Sex Ratio
The gender of each tadpole was determined in studies where tadpoles were euthanized at stage
62; gender could not be definitively determined in tadpoles at stage 58. There were no atrazine-related
differences in sex ratio as compared to controls noted at any of the exposure levels studied.
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Figure 4. Mean weekly feeding incidence per bowl during exposure to atrazine throughout development
for Studies D, E and F. Exposures started five days post-hatch. Overall exposure effect was analyzed
using a repeated measures ANOVA; p values are listed for each study. Days with statistical differences
versus controls are noted ( * * p < 0.01 or *p < 0.05).
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Terminal Body Size Measurements (Body weight and snout-to-vent lengths)
After euthanasia, tadpoles collected at stages 58 and 62 were individually weighed. Snout-tovent lengths (SVL) of stage 62 tadpoles were also measured; this parameter was not measured for
tadpoles at stage 58 (Table 3). There were no statistically significant changes in body weight or SVL in
tadpoles exposed to 25 pg/L atrazine.
Tadpoles exposed to 2 0 0 pg/L atrazine weighed 3 to 15% less than controls, although these
differences were only statistically significant in Study F when data from both sexes were combined
(p = 0.02). All tadpoles exposed to 2 0 0 pg/L atrazine were only the males in Study F were significantly
shorter (10%, p = 0.03) than their controls. Similarly, all animals exposed to 4 0 0 pg/L were 7 to 22%
lighter than controls. However, these decreases were statistically significant (p < 0 . 0 5 ) in most of the
gender groupings. These tadpoles were also 1 to 7% shorter than their controls, though, only the
decreases in SVL noted in tadpoles from Study D were significantly different from controls (p < 0.01) in
all gender groupings (Table 3).
These results were a reflection of the reductions in growth noted in exposed tadpoles during the
exposures. Again, exposure to 4 0 0 pg/L of atrazine consistently resulted in significant decreases in both
weight and SVL while changes in size in tadpoles exposed to 2 0 0 pg/L, although present, were less
dramatic indicating that 2 0 0 pg/L was a threshold exposure level for these effects. Finally, exposure to
25 pg/L atrazine, again, had no measurable affect on tadpole body size.

Relative Fat Body Size
Fat bodies are lipid filled organs located at the anterior end of the kidneys and gonads. These
organs are involved with gametogenesis and for energy storage during times of stress. After euthanasia,
the fat bodies of stage 58 and 62 tadpoles were photographed in situ and measured from the photograph
(Figure 5 ) to determine their size. The resulting fat body size was normalized to body weight to
calculate relative fat body size (% body weight).
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No changes in fat body size were noted in tadpoles exposed at 25 ug/L. However, exposure to
200 and 4 0 0 pg/L atrazine resulted in a 7% to 53% decrease in fat body size as compared to controls in
stage 62 tadpoles. Exposed tadpoles in Study B suffered an 81% decrease in fat body size by stage 58.
These differences in size were statistically significant (p < 0.05) from controls in nearly all gender
groupings (Table 3).
This result was the most evident effect noted over all of the exposures. Significant (p < 0.05)
decreases in size as compared to controls were noted in nearly all tadpole groups at both 200 and
4 0 0 pg/L atrazine. It was also interesting to note that those exposures with the greatest magnitude of
change in fat body size were also those that had the largest changes in the other parameters measured.
This finding was not surprising as smaller body size and slower growth rates are consequences of
insufficient energy stores.

Figure 5. Exposure to 200 and 4 0 0 pg/L atrazine throughout development decreased fat body size in
tadpoles. Fat bodies (circled) from control (A) and 4 0 0 pg/L atrazine exposed (B) stage 62 tadpoles.
Arrows: ovaries, K: Kidneys, Bar = 1 mm.

Relative Liver Weight
livers from euthanised, stage 62 tadpoles were excised and weighed prior to further processing;
in Study B, livers were weighed after fixation. The liver weight was normalized to body weight to
calculate relative liver weight (Table 3). There was no significant change in relative liver weight at the
25 pg/L exposure level.
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After exposure to 2 0 0 pg/L, liver weights were decreased compared to controls; however,
decreases were small in Study E, ranging from 1% to 11%, while changes noted in Study F ranged from 14
to 29%. Only the changes measured in Study F were statistically significant (p < 0.01) when data from
both sexes were combined and for males only. Relative liver weights were 5 to 23% lower in tadpoles
exposed to 4 0 0 pg/L as compared to controls. These changes were statistically significant (p < 0.05) in
Studies D and F (Table 3) in all gender groupings except females in Study D.
liver weights were measured because atrazine and its metabolites are accumulated in and
metabolized by the liver (Edginton and Rouleau 2005). Since exposure to toxins often results in
increases in liver size (Amacher et al. 1998; Osmitz and Lake 2009), the decreases in liver weight noted in
exposed tadpoles were unexpected. These changes also paralleled the changes in body size and fat body
size suggesting they may all be related.

light Microscopy
Morphologic Evaluation of Liver and Fat Bodies
In several studies liver and fat bodies from stage 58 and 62 tadpoles exposed to 2 0 0 and
4 0 0 pg/L atrazine were fixed, sectioned and stained with hematoxylin and eosin to determine if these
levels of exposure caused any morphologic changes in these tissues. There were no pathologic changes
noted in either of these tissues after atrazine exposure.

Glycogen and Lipid Content Determination
In Study A, livers were collected, bisected and the halves stained with Periodic-Acid
Schiff/diastase staining for glycogen content or Oil Red O for lipid content. In light of the lack of any
observable pathologic changes in the liver and the decreases in liver weights and fat body size, the
hypothesis was that glycogen and fat stores in the liver would be reduced; however, the results showed
that this was not the case. There were no differences in either glycogen or lipid content in these livers.
In order to confirm this finding, livers from tadpoles in Study F were also stained for glycogen and lipid
content. Results paralleled the findings from Study A in that tadpoles exposed to 0 , 2 0 0 , and 4 0 0 pg/L
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atrazine all had comparable levels of glycogen and lipids (Table 3). This reinforced the conclusion that
smaller liver weights were probably not the result of decreased glycogen or lipid stores.
Initially, fat bodies were also collected from animals in Studies A, B, and D for analysis of lipid
content using Oil Red O staining. Unfortunately, due to their convoluted structure, and lacey
appearance quantitative analysis of lipid content could not be confidently measured histologically and
only qualitative assessments of lipid content were made. All fat bodies appeared to contain comparable
amounts of lipid as indicated by the presence and intensity of Oil Red O staining, regardless of whether
or not the tadpoles were exposed to atrazine (Table 3). Since there were no visible pathologic changes in
these tissues, the decrease in fat body size was considered due to a reduction in the total amount of
stored fat as a consequence of increased fat mobilization from this depot, the immediate use of any
dietary fats, or both.

Transmission Electron Microscopy
TEM was used to further evaluate whether there were any morphological changes occurring in
hepatocytes as a response to atrazine exposure that could not be detected with light microscopy. Liver
tissue was collected from stage 62 tadpoles exposed to 0 and 4 0 0 pg/L in Study A and immediately
processed for transmission electron microscopy (TEM). Tissue from atrazine-exposed stage 62 tadpoles
were qualitatively evaluated and compared to control tissue.
There were a large variety of shapes and sizes in mitochondria the liver of both control and
atrazine exposed tadpoles. It appeared that in exposed tadpoles, there may have been more
mitochondria that were compromised than in control tadpoles although this was not quantitatively
assessed. Mitochondria with swollen matrices, enlargements of intermembrane space, and in various
states of degeneration (Figure 6) were found in atrazine-exposed tadpoles. These changes suggested
that atrazine could be responsible for mitochondrial dysfunction in these animals, although further
studies focused on quantitation of these mitochondrial changes would need to be done. Assuming that
these findings were representative and since the consequences of the mitochondrial dysfunction include
decreased ATP production, increased concentrations of reactive oxygen species, and ultimately,

Figure 6. Electron micrographs of hepatic mitochondria from control and 400 pg/L atrazine-exposed
tadpoles. Mitochondria (arrows) were varied in shape and length in both control
(A, bar = 0.5 pm; B, bar -1 pm) and atrazine-exposed livers (C, D, bars -1 pm).
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Figure 6-Continued
Changes in mitochondrial structure including swelling (E asterisk, bar = 0.5 pm), changes in
intermembrane space (F, arrow, bar = 0.2 pm), and degeneration (G, circle, bar = 1 |am,
H, asterisk, bar = 0.2 |im) were often noted in atrazine-exposed livers.
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increased rates mitochondrial cell death (Elmore 2007, Seppet et aL 2009), it would have been reasonable
to conclude that these tadpoles were experiencing at least some of these processes.
In addition to the changes noted in hepatic mitochondria, there were variations in the diameter
of bile canaliculi in atrazine-exposed tadpoles while in controls canaliculi were less varied, although
canaliculi diameter was not directly measured. In some animals, bile canaliculi were found dilated
(Figure 7c) while in other animals they were constricted (Figure 7d). Bile canaliculi have been shown to
actively dilate and contract in order to move bile out of the liver (Watanabe et aL 1991). Considering
atrazine is primarily excreted through the bile (Edginton and Rouleau 2005), the possible changes noted
in the biliary system could have been explained as reflection of atrazine's mode of elimination.

Immunohistological staining for Activated Caspase-3
Given that liver from tadpoles exposed to 4 0 0 pg/L were smaller in weight as compared to
controls without any overt signs of pathology and that TEM suggested that hepatic mitochondria in
these tadpoles might have been compromised, the possibility of increased rates of apoptosis was
considered. Therefore, liver tissue was collected for immunohistologic detection of activated-caspase-3
from stage 62 animals in Study D (Figure 8). Activated caspase-3 is the final effector protein that triggers
the initiation of apoptosis (Elmore 2007). The presence of activated caspase-3 in hepatocytes from
atrazine-exposed tadpoles was assumed to indicate that these immunopositive cells would likely become
apoptotic and die. The total number of activated caspase-3 immunopositive cells per liver section
evaluated was counted and normalized to the size of the section (#cells/|im2).
Liver sections from tadpoles exposed to 4 0 0 pg/L of atrazine had significantly increased
(p < 0.01) numbers of activated caspase-3 immunopositive cells when data from both sexes were
combined and for females only (Table 3). This finding reinforced the findings that hepatic mitochondria
were impaired and dysfunctional which most likely lead to hepatocyte apoptosis in these livers.

Figure 7. Electron micrographs of bile canaliculi in livers from Stage 62 control and 4 0 0 pg/L atrazineexposed tadpoles. Bile canaliculi in control livers (A, B, arrows; bars = 1 pm). Canaliculi from atrazineexposed tadpoles ranged from being dilated (C, asterisk, bar = 0.5 pm) to being constricted (D, arrow).
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Figure 8. Activated Caspase-3 immunopositive cells in the liver from tadpoles exposed to 4 0 0 pg/L
atrazine. Activated Caspase-3 immunopositive cells (arrows) (A, bar = 2 0 pm; B, bar = 50 pm)
The larger, darker cells are melanomacrophages (circled).

Discussion

In previous studies (Celestine 2006, Langerveld et aL 2009), our laboratory found that X laevis
tadpoles exposed to 4 0 0 pg/L atrazine, a high but environmentally appropriate concentration, had a
significantly higher mortality rate, were smaller and shorter, were slower to reach stage 62 and had
smaller fat bodies as compared to unexposed tadpoles. Subsequently, there was an interest in gaining
insight into the mechanism of how atrazine exposure resulted in these effects. To do so, a series of
studies that exposed X. laevis tadpoles to 2 5 , 2 0 0 and/or 4 0 0 pg/L atrazine were carried out. Exposure
started 5 days after hatching until late in prometamorphosis, at stage 58, or by early metamorphic climax,
at stage 62 (Nieuwkoop and Faber 1994). Each study's exposure protocol was similar, measured a
standard set of parameters, but also included additional assays that could detect responses at the
cellular, biochemical, or transcriptional levels. The biochemical and gene expression assays are discussed
in the next chapter. Herein, the in vivo results from all the exposures are discussed.
The profound effect on the tadpole's lipid stores was of significant interest as this had been the
first report about this effect in frogs and was noted in conjunction with changes in the expression of
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genes associated with increased carbohydrate and protein digestion (Langerveld 2009). Understandably,
it was hypothesized that atrazine was causing a depletion of energy stores, either directly or indirectly,
especially since atrazine had been reported to reduce body weight, change body condition, fat
metabolism, lipid stores and lipid mobilization in fish, birds and mammals (Gammon et aL 2005, Allran
and Karasov 2001, Nieves-Puigdoller et al. 2007, Santa-Maria et aL 1987, Srinivas et aL 1991, Eason and
Scanlon 2002). Therefore, in addition to measuring changes in terminal body size, metamorphic rate,
and fat body size, tadpole body weights were measured throughout exposure. To determine if energy
stores were indeed depleted, levels of glycogen and/or lipid stores in both the liver and fat body was
measured using light microscopy. In addition, these organs were collected for transmission electron
microscopy to visualize any changes occurring at the subcellular level in atrazine exposed X laevis livers.
Since atrazine is primarily metabolized by the liver in X. laevis (Edginton and Rouleau 2005), liver weight
measurements at the end of exposure were included. Finally, spurred by data generated in these studies,
immunohistochemical detection of activated caspase-3, a protein that is the final initiation signaling
molecule for apoptosis, in liver from exposed tadpoles was conducted to assess whether there was an
increase in the number of activated caspase-3 immunopositive cells.
When all the tadpoles in the bowl were weighed together throughout the exposures, decreases
in body size were consistently noted in tadpoles exposed to 4 0 0 pg/L starting by 3 weeks into the
exposure. Several species have been reported to show decreases body weight after atrazine exposure
including frogs (Diana et al. 2000, Gammon et aL 2005, Eason and Scanlon 2002, Allran and Karasov 2001,
Nieves-Puigdoller et aL 2007). In two studies, tadpoles were collected and individually weighed for
biochemical analysis early in the exposure. In both of these studies, tadpoles were already significantly
smaller after 72 hours of exposure to 4 0 0 pg/L. Exposure to 200 pg/L did result in smaller tadpoles
throughout the exposure but these responses were inconsistent. These results also mirrored the
decreases in tadpole size (terminal body weight and SVL) measured at the end of each exposure.
Exposure to 400 pg/L consistently produced a significantly smaller tadpole while to 200 pg/L exposures
also resulted in smaller tadpoles, but these changes were not always significant in magnitude.
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Decreases in metamorphic rate were also inconsistent between the studies. In only two of four
studies, was metamorphic rate slowed and only at the 4 0 0 pg/L exposure level. In parallel with these
findings, the age at which tadpoles reached stages 58 or 62 also was increased in these two studies.
Contradictory reports of delays in metamorphic rate after atrazine exposure exist in the literature. Some
of these differences may be explained by differences in which species of frogs were tested (Freeman ct al
2005a), the exposure rates used (Carr et al 2003, Coady et al 2 0 0 4 , 2 0 0 5 ; Kloas et al 2009), and the
conditions of the exposures (LaFiandra et al. 2008; Langlois et al 2010).
It was possible that the changes in metamorphosis were influenced by factors associated with
the conduct of the individual exposures. The studies that showed slowed metamorphosis were
conducted in January and February. Since studies were conducted with ambient light, these studies
would have had the shortest light cycles of all the studies. Given that metamorphic rate is influenced by
photoperiod length (Denver et al 2002), this might have been a factor in how the tadpoles in these
studies responded to atrazine exposure. Additionally, different parents were used for each study brood.
Metamorphosis is regulated primarily by thyroid hormones, consequently, each brood may have differed
slightly in sensitivity to any possible disruption in thyroid hormone function caused by atrazine
exposure. The 4 0 0 ug/L exposure level may also represent a threshold level for these effects in X. laevis
tadpoles thereby producing conflicting results; although, others have found 100 pg/L atrazine exposure
lengthens the time to metamorphosis in X. laevis (Freeman and Rayburn 2005a). Regardless of these
factors, metamorphosis was still slowed when compared with the control metamorphic rate measured in
these studies.
The decreases in fat body size were the most dramatic effect measured in all of our studies;
however, there were no pathologic changes noted in these tissues. Decreases in fat body size were
present in all the studies and at both 2 0 0 and 4 0 0 pg/L of atrazine. The range of the magnitude of the
decrease was wide, with the largest decrease, 81%, having occurred in the stage 58 tadpoles exposed to
4 0 0 pg/L. Qualitative assessments of the fat bodies stained for lipids revealed that fat bodies from both
control and exposed tadpoles had adipocytes filled with lipid. Although adipocytes in many control
animals appeared larger, the inherent variability of cell size in these organs (Zancanaro et al 1996) would
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require further analysis to come to any conclusions regarding differences in cell size. Considering the
natural plasticity of adipocytes and the lack of pathology in these organs, the changes in fat body size
noted in exposed animals were deemed to indicate that these tadpoles simply had less total body fat
stores. These data did not allow conclusions to be drawn as to the direct cause of these differences in
size. Separate experiments would have to be done in order to determine whether the effect was the
result of increased lipid mobilization from the fat bodies or because of immediate utilization of any
dietary lipids. Logically, the studies with the smallest fat body sizes after exposure also had tadpoles
with the greatest decreases in terminal body weights and lengths.
Livers were also smaller, by 5% to 29%, than controls in all animals exposed to 4 0 0 pg/L
atrazine although these decreases were not always statistically significant. As previously stated, the
changes that were significant were in tadpoles that showed the greatest reductions in fat body size.
Histological examination of these livers showed no obvious changes in morphology. Atrazine exposures
of 2 0 0 pg/L resulted in mixed results for liver size as only one of the t w o studies where this exposure rate
was used had significant decreases in liver weight.
Because of the lack of any obvious morphological change in the smaller livers, it was
hypothesized that hepatic glycogen and/or lipid content was reduced thereby resulting in smaller livers.
Surprisingly, there were no differences in either glycogen or lipid levels in 4 0 0 pg/L exposed tadpoles.
The presence of normal levels of liver glycogen and lipids in these tadpoles indicated that they had
adapted to the energy imbalance and were able regenerate liver energy stores at the expense of their fat
stores. In support of this possibility, both of the studies that included this analysis had the smallest
change in the parameters measured out of all the studies with this exposure level. Others have also
reported mixed findings regarding hepatic energy stores in other species. Coturnix quails (Coturnix
coturnixjaponica) fed grain containing atrazine also showed decreased body fat stores without decreases in
liver fat content as compared to controls (Eason and Scanlon 2002). However, liver from rats fed
atrazine had accumulations of lipid and were lacking glycogen (Messner et aL 1979, Santa-Maria et aL
1987), whereas, fish exposed by submersion had changes, increases and decreases depending on the
length of exposure, in their liver lipid content (Gluth and Hanke 1985, Srinivas et al 1991, Biagianti-
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Risbourg and Bastide 1995). Although not measured in these exposures, hepatic protein levels could also
have been depleted reducing the size of these livers.
TEM was used to determine whether atrazine may have had any effect on hepatic ultrastructure
in exposed tadpoles. Atrazine-related ultrastructural changes in tissues have been reported in the
literature. Investigators have described changes in outer mitochondrial membrane structure, and
proliferation and degeneration of rough endoplasmic reticulum in the hepatocytes of rats and fish
exposed for 14 and 21 days, respectively (Santa-Maria et al 1987, Biagianti-Risbourg ct aL 1995). Similar
ultrastructural effects were noted in kidney, liver and intestines of fish after exposure to atrazine
(Braunbeck et al 1992, Oulmi et al 1995).
Although not quantitatively assessed, it seemed that 4 0 0 pg/L atrazine may have compromised
mitochondria in the liver from exposed tadpoles. Mitochondria with swollen matrices, variations in the
size of intermembrane space, and in various states of degeneration were found in atrazine-exposed
tadpoles. However, further quantitation of the morphological changes noted in the mitochondria would
have to have been conducted to definitely conclude that the changes noted were actually atrazinerelated.
If these changes were valid, they could have indicated a change in metabolic state in the liver of
these animals. Halestrap et al (1989,1994) reported that glucogenic hormones regulate mitochondrial
metabolic rates in mammals stimulating increases in mitochondrial matrix volume. These changes in
volume would accommodate increases in activation of mitochondrial metabolic pathways including fatty
acid oxidation, respiration, remediation of reactive oxygen species and ATP production in times of
increased energy requirements (Jezek and Hlavata 2005, Manoli et al 2007). However, in responding to
these types of metabolic pressures to maintain homeostasis, there is the potential for mitochondria to
become overwhelmed by oxidative stress and cease to function properly.
Atrazine has been reported to cause oxidative stress in several species of fish (Elia et al 2002,
Dorval et al 2005, Yuanxiang et al 2010), as indicated by changes in genes associated with antioxidant
function; proteins and enzymes whose activities are associated with antioxidant activity, such as
superoxide dismutases, glutathione and catalases; and markers for oxidative stress including
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malondialdehyde. The presence of reactive oxygen species during oxidative stress has been reported to
cause changes in mitochondrial morphology (Jendrach et al 2008) and causes damage that leads to
mitochondrial dysfunction and cell death (Kowaltowski and Vercesi 1999). The potential changes noted
in the livers from the atrazine-exposed tadpoles were similar to those described those reported in fish
suggesting that they could have been a result of atrazine's ability to induce oxidative stress, although no
tests for markers of oxidative stress were conducted on these livers.
W e also noted variability in the appearance of bile canaliculi in tadpoles exposed to 4 0 0 pg/L of
atrazine, although this, too, was not quantitated. In some exposed animals the lumens of the bile
canaliculi were found dilated, while in others they were constricted. This response has been noted in the
liver of fish exposed to atrazine (Srinivas et al 1991) and a-naphthylisothiocyanate (Hardman et al 2008).
They described the changes seen in these fish as a "mosaic of normal and abnormal canaliculi; either
dilated canaliculi, or in some instances, collapsed canaliculi of reduced diameter" which also describes
the changes noted in canaliculi seen in our atrazine exposed tadpoles. They postulated that the changes
reflect an adaptive response of the liver to maintain bile homeostasis. Additionally, bile canaliculi have
been shown to actively dilate and contract in order to move bile out of the liver (Watanabe et al 1991).
Considering atrazine is primarily excreted through the bile (Edginton and Rouleau 2005), these changes
noted in the biliary system could possibly have been a reflection of atrazine's mode of elimination.
When considering the findings of decreased liver weight without any change in glycogen and
lipid levels, there was an interest in determining other potential causes for the decreases in liver size.
With the qualitative changes noted in hepatic mitochondria and since mitochondria are integral in the
initiation of apoptosis (Gupta 2003), the role of apoptosis in the loss in hepatic mass was investigated,
liver from both stage 62 control and 4 0 0 pg/L atrazine exposed tadpoles were stained with antiactivated caspase 3 immunoglobulin. Activated caspase-3 is the final effector caspase that triggers the
initiation of apoptosis (Elmore 2007). Activated caspase 3 immunopositive cells were assumed to
represent cells that would likely become apoptotic and die. The atrazine-exposed livers contained a
significantly higher number of activated caspase 3 immunopositive cells. Although, it is improbable that
the number of cells staining positively would in itself cause a decrease in overall liver weight but it may
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have represented an increase in the rate of apoptosis in exposed tadpoles. This increase in the rate of
apoptosis might cumulatively have resulted in the decreased liver weights noted.
The possibility that atrazine was suppressing appetite in these tadpoles as the reason for the
decreases in body and fat body sizes noted was considered. Atrazine has been shown to suppress
appetite at high doses in frogs (Allran and Karasov 2001) and other species (Gammon et al. 2005, Eason
and Scanlon 2002, Nieves-Puigdoller et aL 2007). W e monitored feeding behavior in three of the studies,
but no suppression of feeding behavior in tadpoles exposed to any of the atrazine levels tested was found.
Although there was no overall change in feeding behavior, there were significant increases in feeding
behavior approximately 2 weeks into the exposure in tadpoles exposed to 4 0 0 pg/L in two studies. This
could represent a transient increase in feeding behavior that could be indicative of changes in energy
homeostasis occurring earlier in the exposure. These results were considered preliminary and more
definitive studies into any atrazine-related changes in feeding habits would be warranted in any
definitive conclusions are to be drawn. Additional studies designed to measure changes in feeding
behavior would be beneficial to the further understanding these effects in relation to the other adverse
effects measured in these tadpoles.
The sole effect that was only noted at the 2 0 0 pg/L exposure level was a slight increase in
mortality rate. Since this increase in mortality was noted in both studies that tested the 2 0 0 pg/L
exposure level, it was not considered a spurious effect but a non-monotonic dose response to this level of
exposure. Others have described similar phenomenon with mortality after exposure to atrazine (Storrs
and Kieseker 2004; Solomon et al 2 0 0 8 )

Conclusion
Developing Xenopus laevis tadpoles exposed to atrazine at levels of 2 0 0 and 4 0 0 pg/L were
smaller than unexposed controls by as early as 3 days after the start of exposure. These tadpoles never
overcame this effect and were smaller than controls at the end of the study. Although atrazine has been
reported to suppress appetite in adult frogs (Allran and Karasov 2001), these tadpoles did not suffer a
decrease in feeding behavior and may have experienced a temporary increase after 2 weeks of exposure.
Some groups of exposed animals also experienced a retarded metamorphic rate. The livers and fat bodies
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from these tadpoles were also smaller in size as compared to control. The smaller fat body size of
exposed animals in conjunction with the degeneration of liver mitochondria suggests that an imbalance
in energy homeostasis was occurring in these animals. Although exposed tadpoles had smaller relative
liver weights, liver glycogen and lipid content was no different from control levels. The presence of
normal levels of liver glycogen and lipids in atrazine exposed tadpoles indicated that they had already
adapted to the imbalance by regenerating liver energy stores at the expense of their fat stores.
The mechanism behind apparent disruption in energy balance is unknown. It may be due to the
energy requirements for detoxification and excretion of atrazine. Atrazine is biotransformed, conjugated
with glutathione, and excreted primarily through the bile (Edginton and Rouleau 2005). This
detoxification and excretion pathway has been shown to be energetically demanding (Boyle et aL 2000).
Atrazine is also a known endocrine disruptor (Gammon et al. 2005, McMullin et al. 2004, Laws et al.
2003). It may have stimulated hormonally regulated mobilization and p-oxidation of lipids.
The consequences of these atrazine-related changes in growth and fat deposition on the
longevity and reproductive success of these frogs can only be surmised. The exposed tadpoles are clearly
compromised and may have a decreased ability to survive the stresses of metamorphosis or periods of
dormancy. If successful metamorphosis occurs, the reduced fat stores in the fat body may result in
reduced survival and/or fertility and fecundity of exposed frogs as these lipid stores are directly related to
reproductive success and energy stores during hibernation or estivation (Fitzpatrick 1976, Girish 2000).
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CHAPTER III
ATRAZINE AFFECTS EXPRESSION OF KEY GENES IN METABOLIC PATHWAYS INTEGRAL
TO ENERGY HOMEOSTASIS IN XENOPUS Z/LEVZSTADPOLES
Introduction
In order to further characterize atrazine's effects reported in the previous chapter, quantitative
real-time polymerase chain reaction and ATP determination assays were used starting early in the
exposure to measure changes in gene expression and ATP levels in exposed tadpoles. The fact that
tadpoles survived throughout the exposure, albeit in a compromised state, showed that they adapted to
the presence of atrazine. Therefore, any early changes in gene expression and energy levels that would
lead to these deficits in growth, decreases in fat body and liver size, and the possible increase in
apoptosis in hepatocytes were investigated.
This chapter describes studies designed to identify changes in the expression of specific genes
involved with metabolism regulation and to determine levels of ATP and ADP: ATP ratios in exposed
tadpoles. Using gene microarray data from a previous study, six genes of interest were identified for
evaluation using qRT-PCR. These assays found initial changes in the expression of three of these genes
that indicated perturbation in energy homeostasis after only 72 hours of exposure. Although there were
no measurable changes in ATP early in the exposure, there were indications that ATP may not be
sufficiently replenished by the end of exposure to 200 pg/L. These findings provided an initial look into
the mechanisms potentially responsible for the changes noted in X laevis tadpoles after exposure to
atrazine throughout development.

Methods and Materials
Exposures
A stock solution of 25 mg/L atrazine (Sigma-Aldrich, St. Louis, MO) was prepared. Atrazine
was added to filter-sterilized ultrapure water; the mixture was sonicated and warmed to 50BC for no
more than 15 minutes to dissolve the atrazine. To make final exposure solutions with nominal
concentrations of 0 (Control), 200 or 400 pg/L, stock solution was diluted in exposure water. To
validate the preparation protocol for these exposure solutions, samples of the stock solution and a
dilution of the stock, with a final concentration of 1 pg/L, were assayed by an EPA certified laboratory
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(KAR Laboratories, Inc., Kalamazoo, MI). Both the stock and 1 pg/L solutions had concentrations of
atrazine that were within ± 4 % (25.3 mg/L and 0.96 pg/L, respectively) of target concentrations. (The
concentration of 1 pg/L was chosen because it fell within the detectable range of the validated assay
specifically for atrazine, assay #EPA 525.2. The stock solution was assayed by gas chromatography using
a nitrogen-phosphorus detector, assay #EPA 8000.)

Animals
Eggs were obtained after inducing adult Xcnopus laevis to breed following a series of injections of
human chorionic gonadotropin (Sigma-Aldrich, St. Louis, MO) according to the recommended injection
schedule (Etheridge and Richter, 1978, Nasco, Fort Atkinson, W I ) . A different set of parents was used
for each study. Eggs were placed into spring water (Absopure™, Plymouth, MI) and allowed to hatch at
room temperature. Five days post-hatching, at approximately Nieuwkoop and Faber stage 47
(Nieuwkoop and Faber, 1994) tadpoles were separated into 20 x 20 cm glass bowls (initial N < 22 per
bowl as required for each study's sampling protocol) containing 1L of spring water with or without
atrazine. After 2 weeks, tadpoles were randomly split to a density of no more than 4 per bowl. Spring
water was replaced with dechlorinated charcoal-filtered tap water with or without atrazine for the
remainder of the exposure. To control for environmental variation, all bowls were randomly positioned.
Tadpoles were maintained at 19 - 23°C with ambient light exposure. Exposure water was completely
replaced 3 times weekly. Tadpoles were fed a suspension of powdered Purina rabbit chow #5354 ad
libitum. W h e n tadpoles reached their predetermined collection stage, they were euthanised by
submersion in 0.125 g / L MS222 (ethyl-3-aminobenzoate methanesulfonate salt; Sigma-Aldrich, St. Louis,
MO) quickly staged and weighed. If the tadpoles were at stage 62, their gender was determined. After
these data were collected, they were immediately snap frozen in liquid nitrogen and stored at -80°C until
processed for analysis. All procedures were approved by Western Michigan University's Institutional
Animal Care and Use Committee Protocol #06-07-01 (Appendix A).
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Reanalysis of Affymetrix Gene Chip Data
In order to further characterize changes in gene expression noted in our previous study
(Langerveld et al. 2009), chp data from this study were re-analyzed with an on-line gene analysis software
tool, GeneSifter™ (VizX Labs). This software was designed to determine which metabolic processes are
"over-" or "under-represented" by the overall pattern of gene changes present in samples of interest.
The generation of raw microarray data was previously described (Langerveld etal. 2009).
Briefly, total RNA was isolated from individual stage 62 whole tadpoles using Qiazol and Qiagen RNeasy
Maxi kits and concentrated using an RNeasy MinElute Cleanup Kit (Qiagen) as per manufacturer's
instructions. Samples used for microarray analysis had an A260/A-280 absorbance ratio between 1.7 and
2.1 and passed visual evaluation of 28S and 18S ribosomal RNA by gel electrophoresis. Samples of
fragmented biotinylated cRNA (15pg) were prepared and analyzed using individual Affymetrix Xenopus
laevis Genome arrays as per manufacturer's instructions. Arrays were analyzed using the Gene Array
Scanner (Agilent Technologies).
Twelve chp files from unexposed tadpoles and eleven chp files from 4 0 0 pg/L atrazine exposed
tadpoles were generated using the Affymetrix Microarray Suite v5.0 Software by scaling all probe sets to
a mean target intensity of 500. These chp files were then uploaded into VizX Lab's GeneSifter® web
based software (VizX Labs, Seattle, W A ) and was used to find differentially expressed genes (p < 0.05)
and any over- represented (z-score > +2) or under-represented (z-score < -2) biochemical pathways using
a pairwise analysis. Significance was determined using a Student's t-test with a Bonferroni correction.
Data from both sexes were combined, normalized to mean intensity and log transformed; only genes with
present calls were analyzed. Since RNA was extracted from whole animals, no fold change (ratio of
atrazine-exposed gene expression values to control values) was used as a cut off for data filtration;
however, only genes with significant changes (p < 0.05) were included for pathway analysis.

Differential Gene Expression Using qRT-PCR
Tadpoles from each control and atrazine exposure bowl were collected for gene expression
analysis at 2 4 , 4 8 , 7 2 hours; and 14 days after the beginning of the exposure and processed as described
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above. Total RNA extracts were assayed for variations in gene expression related to 4 0 0 pg/L atrazine
exposure at these early time points.

Total RNA Extraction
Total RNA was isolated from individual whole tadpoles for quantitative Real Time-Polymerase
Chain Reaction (qRT-PCR) assays using Qiagen RNeasy Mini and Midi kits as per manufacturer's
instructions. Yeast mRNA (25 ng for stage 62 tadpoles, 5 ng for 2 4 , 4 8 , 7 2 hour tadpoles, 10 ng for 14D
samples; ClonTech, Palo Alto, CA) was spiked into each extraction as an exogenous internal control for
the extraction and analysis during the tissue homogenation step. Samples used for qRT-PCR analysis
were assessed for concentration and quality using a NanoDrop spectrophotometer (Nanodrop
Technologies, Inc. Wilmington ,DE). Total RNA samples chosen for analysis had A260/A280 ratios of at
least 2.0, A28o/A23o absorbance ratios of at least 1.7 and passed visual evaluation of 28S and 18S ribosomal
RNA by agarose gel electrophoresis. Total RNA (lpg) was converted to cDNA using the High Capacity
cDNA Archive Kit (Applied Biosystems) as per manufacturer's instructions.

Qualitative Real-Time Polymerase Chain Reaction
Genes of interest for this analysis were chosen using the following criterion: (1) they were
significantly changed after microarray data analysis and ( 2 ) they encoded rate-limiting enzymes,
enzymes that trigger committed steps of biochemical pathways or proteins that represent other
metabolic or signaling processes involved with energy homeostasis. The genes chosen for analysis
included Xenopus hypoxia inducible factor l a (Genbank ID AJ277829), carbamoyl-phosphate synthetase
l(Genbank ID BF048439), E3 component of pyruvate dehydrogenase (Genbank ID BU907594), acyl-CoA
dehydrogenase family member 10 (Genbank ID BQ386554), peroxisome proliferator activated receptor-|3
(Unigene ID X1.846.1.S1), and glucocorticoid receptor (Unigene ID Xl.1201.1). Primer/probe sets for each
gene were purchased as Custom-Designed Taqman Gene Expression Assays (Applied Biosystems)
except for yeast actin, which was designed using Primer Express software (Applied Biosystems). The
sequences for each primer probe set are presented in Table 4.
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Each 30 pL qRT-PCR reaction (n = 8 for both 0 and 400ppb atrazine) was run in duplicate and
contained Taqman Universal PCR Master Mix, No AmpErase UNG (Applied Biosystems) with 0 , 2 . 5 or
5 ng of cDNA and the appropriate primer/probe set. The qRT-PCR reaction was carried out in an
Applied Biosystems 7700 Sequence Detection System using thermal cycling conditions of 10 min. at 95QC
followed by 50 cycles of 15 sec at 95°C and 1 min. at 60QC. Quantification was determined using 4 point
standard curves constructed with pooled control cDNA, with slopes ranging from - 3 . 0 to -3.8. Gene
expression data from exposed tadpoles were normalized to the yeast actin signal within each sample.
These normalized data were analyzed with an ANOVA using StatView 4.0 software.

Table 4. qRT-PCR genes tested and primer probe sequences
Sequence
Gene Name
Hypoxia inducible factor l a
GCAGAGCAAAGAACAATCCTCTTAC
Forward Primer
AGTCAGCTGAGGAAGAACAGTTC
Reverse Primer
CTGCCCAAGCAACTGA
Probe
Carbamoyl-phosphate synthetase 1
GTGGTTAAACIC111GCTGAATCGA
Forward Primer
TGGAAGAGGCTCTTGGTATCCA
Reverse Primer
TCCCCTGCGTATTTCA
Probe
E3 component of pyruvate dehydrogenase
TGGTGTTGAATTGGGCTCTGT
Forward Primer
CCCAAAAACTCAACTGCTGTAACAT
Reverse Primer
TCCCAGCCGCTGCCAT
Probe
Acyl-CoA dehydrogenase family member 10
CTTCCGTAGTCGGCTTGTTACT
Forward Primer
GCAAATACTGTAAGTTCCGATGTATGC
Reverse Primer
CAGTGCCTTAA1111G
Probe
Peroxisome proliferator activated receptor p
CATGCTGAGCTTGTCCAGAGTATAA
Forward Primer
TGTCTCTGTAAATCTCTTGCAGTAATGG
Reverse Primer
CAGCGCGGCTCTACAT
Probe
Glucocorticoid receptor
GCAAGAGAGATGTCAGGAGATGTT
Forward Primer
ACAAGACTTTCATGCAGAGATATTCATCAT
Reverse Primer
TTCACCTGCAATCTTC
Probe
Yeast Actin
TGGATTCCGGTGATGGTTGTT
Forward Primer
TCAAAATGGCGTGAGGTAGAGA
Reverse Primer
CTCACGTCGTTCCAATTTACGCTGGTTT
Probe

ATP Concentration and ADP/ATP Ratio Determination
Tadpoles from each exposure group were collected at 24 (N: control = 10,200 pg/L = 9,
4 0 0 pg/L = 11), 48 (N = 10 all groups), and 72 hours (N: control = 11, both atrazine groups = 10), after the
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beginning of the exposure and processed as described above. At stage 62, one tadpole from each bowl
was also collected (N: control = 12, both atrazine groups = 8 ) and measured after which its liver was
excised, weighed and immediately snap frozen with liquid nitrogen. ATP and ADP was extracted and
measured from each tadpole to determine whether there were differences between unexposed tadpoles
and those exposed to 2 0 0 or 4 0 0 pg/L atrazine.

ATP and ADP Extraction
ATP and ADP were extracted from snap frozen whole tadpoles and livers from stage 62 tadpoles
using a method described by Napolitano and Shain (2005). Frozen whole tadpoles and livers were
placed into a 1.5 mL Eppendorf microfuge tube containing 2 0 0 pL ice-cold 7% perchloric acid per 10 mg
tissue and homogenized with a micropestal (Fisher Scientific). The homogenate was vortexed, allowed
to stand on ice for 10 minutes and centrifuged at 14,000 x g for 5 minutes at 4°C. The resulting
supernatant was removed and neutralized with a solution of 0.3M KCl, 0.4M tris, and 3M KOH at a rate
of 74 pL per 2 0 0 pL of supernatant. The resulting extraction mixture was vortexed and the precipitate
removed by centrifugation (14,000 x g for 5 minutes at 4°C). The final supernatant was removed, split
into aliquots and frozen at -80°C until assayed. To calculate percent ATP recovery for the extraction, a
known amount of ATP was spiked into a sample aliquot immediately following tissue homogenation.
Percent recovery for ATP was >98% and was similar to recovery reported by Napolitano and Shain
(2005). Since ADP is similar in structure to ATP and there was no direct test for ADP in the
experimental design, it was assumed that the percent recovery for ADP was similar to ATP.

ATP Concentration and ADP:ATP Ratio Determination
All samples were assayed for ATP an ADP content using a firefly luciferase bioluminescence assay
using an ATP Determination Kit (Molecular Probes, Inc. Eugene, OR). ATP was directly measured but
ADP was first converted to ATP as described in Napolitano and Shain (2005), after which, the total ATP
in the sample was measured. Samples were processed for analysis as follows.
Extracts were thawed and diluted 1:100 using a buffer containing 2 0 0 mM triethanolamine, pH 7 . 6 , 2
mM MgCl 2 , and 2 4 0 mM KCl. Spiked samples were diluted 1:1000 and 1:2000 with the same buffer.
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Twenty microliters of all diluted samples was added to an additional 20 pL of the above buffer for direct
measurement of ATP. For the conversion of ADP to ATP, a duplicate 20 pL aliquot was added to 20 pL of
the above buffer with 4.6mM phosphoenolpyruvate and 3 U / m l pyruvate kinase added. Both sample
preparations were incubated at 37°C for 10 minutes in a water bath, after which, they were placed on ice
until analysis.
Standard curves were constructed from 1:2 serial dilutions of an ATP standard provided in the
kit using the buffer described above without the additional conversion components. The final
concentration range, 1X10"6M to 3 .1X10"8M, was found to be in the linear portion of the curve. To monitor
ADP conversion, concentrations ranging from 1X10'6M to 1X10"8M of ADP were converted to ATP as
described above. These concentrations of ADP were chosen so that they could be directly compared to
concentrations along the ATP standard curve. Having assumed that a maximum of 100% conversion of
ADP to ATP was possible, 79 - 85% of ADP was converted to ATP. Increasing the concentration of the
substrates and incubation time did not increase the amount of converted ADP. Standard curve samples
and ADP conversion controls were processed in parallel with the tissue extract samples.
ATP was measured using an ATP Determination Kit following the manufacturer's instructions.
Ten microliters of each sample were dispensed into duplicate wells of a Costar white flat bottom 96-well
plate. After all samples were dispensed, 90 pL of a reaction mixture containing firefly luciferin and
luciferase was added to each sample as quickly as possible and placed into a Tecan Infinite® 500
microplate reader for analysis. The instrument's plate-reading chamber was warmed to 28°C and after
allowing the reaction to proceed for 2 minutes, relative luminescence units ( R L U ) were measured for
each well using an integration time of 1000 ms. The ATP and matching ADP samples were run
concurrently to control for interassay variability. Each plate contained samples from each of the
treatment groups as well as the standard curve samples. ATP concentrations were calculated from the
standard curve. The ADP:ATP ratio was calculated using the following equation:
Equation 2: ADP/ATP = (RLU B /RLU A )-1
RLU b = relative luminescence units of the converted-ADP sample
RLUA = relative luminescence units of the unconverted ATP sample.
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Mean absolute ATP concentrations and ADP: ATP ratios were calculated for each exposure group at each
time point. Differences between the groups for each time point were analyzed with an ANOVA using
StatView 4.0 software (SAS Institute Inc., Cary, NC).

Results
The data discussed herein were obtained from samples taken from Study C and Study F whose
in vivo results are described in Chapter 2 (Table 2). The differential gene expression and the ATP
concentration results discussed in this chapter should be interpreted bearing in mind the effects
discussed in the previous chapter.

Reanalysis of Affymetrix Gene Chip Data
Data (chp files) from twelve control and eleven 4 0 0 pg/L exposed tadpoles generated from
Affymetrix Xenopus Laevis Genome Arrays in a previous study (Langerveld et aL 2 0 0 9 ) were uploaded
into VizX Lab's GeneSifter® web based software (VizX Labs, Seattle, WA). This software was designed
to uncover biochemical pathways in which there are a number of differentially expressed genes. After
analysis using GeneSifter, several metabolic pathways were affected (z score < -2 or > +2) in stage 62
tadpoles exposed to 4 0 0 pg/L atrazine throughout development.
Biochemical pathways that showed increased gene expression included synthesis and
degradation of ketone bodies (z score = 4.31), the urea cycle (z score = 3.97), regulation of autophagy (z
score = 2.74), citric acid cycle (z score = 2.44), glutathione metabolism (z score = 2.44) and the
metabolism of a number of amino acids (z score 2.51 to 3.86). Those with decreased gene expression
included glycolysis/gluconeogenesis (z score = 2.31), fatty acid elongation in mitochondria (z score = 3.61),
and ribosomal proteins (z score = -2.40).

Differential Gene Expression
Tadpoles from control and 4 0 0 pg/L atrazine exposure bowls were collected at 2 4 , 4 8 , 7 2 hours;
and 14 days after the beginning of the exposure for gene expression analysis. Total RNA was extracted,
reverse transcribed into cDNA which was then assayed using Taqman qRT-PCR for variations in gene
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expression related to 4 0 0 ug/L atrazine exposure at these early time points. Six genes of interest were
examined and included hypoxia inducible factor la, carbamoyl-phosphate synthetase 1, E3 component of
pyruvate dehydrogenase, peroxisome proliferator activated receptor-p, acyl-CoA dehydrogenase family
member 10, and glucocorticoid receptor.
Only two of these genes were significantly different from controls over the sampling period
(Figures 9a-c). Significant decreases in the gene expression of acyl-CoA dehydrogenase family member
10 (p = 0.03) and glucocorticoid receptor (p = 0.04) were noted at the 24-hour sampling. Peroxisome
proliferator activated receptor-p (p = 0.07) gene expression was slightly increased at the 72 hour
sampling. The gene expression of the remaining genes tested was not different from control levels
(Table 5).

ATP Concentration and ADP/ATP Ratio Determination
Tadpoles from each exposure group were collected at 2 4 , 4 8 , and 72 hours after the beginning of
the exposure and processed as described above. One tadpole from each bowl was also collected at stage
62 when it was measured and its liver was excised, weighed and immediately snap-frozen with liquid
nitrogen. ATP and ADP were extracted and measured from each tadpole to determine whether there
were differences between unexposed tadpoles and those exposed to 200 or 4 0 0 pg/L atrazine.
There were no significant differences in absolute ATP levels between controls and tadpoles at
any exposure level within the first 72 hours of exposure. Neither was there any significant difference
when stage 62 livers were tested. (Figure 10a). The ADP:ATP ratio from exposed tadpoles was also not
significantly different from controls during the early time points of the study. Livers from stage 62
tadpoles exposed to 200 pg/L atrazine had slightly higher ADP:ATP ratio (p = 0.062) than control
tadpoles (Figure 10b). The very low ADP:ATP ratios noted in the first time points for all exposure
groups (Figure 10b) caused concern regarding the efficiency of the conversion. Although not 100%, the
conversion of ADP to ATP was considered successful as indicated by the conversion of known
concentrations of ADP to ATP. Optimization by doubling the concentrations of phosphoenolpyravate
and pyruvate kinase, titrating the ADP, or extending the incubation period did not result in increased
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conversion rates. However, it has been reported that ADP:ATP ratios of less than 0.11 have been found in
actively growing cells (Bradbury et al 2000). Since the tadpoles were rapidly growing at this time of
collection, I concluded that this was the basis for the very low ADP:ATP ratios noted.

Figure 9. Differentially expressed genes in tadpoles after 2 4 , 4 8 , and 72 hours and 14 days of exposure to
400 pg/L atrazine as determined by qRT-PCR. Box plots of gene expression of Acyl-CoA Dehydrogenase
(Figure 9a) and Glucocorticoid Receptor (Figure 9b) after 24 and 72 hours of 4 0 0 pg/L atrazine exposure
found changed from control expression levels, n = 8 for both 0 (white) and 4 0 0 pg/L atrazine (grey).
Exposure was started 5 days post hatching. Gene expression was normalized to yeast actin expression
within each sample. Percentages represent the % expression relative to controls and the p values are
listed.

Figure 9a: Acyl-CoA Dehydrogenase Gene Expression
at 2 4 Hours of Exposure
.2
2

c
3
C
o
'35

.8

.6

&
u

-d
w
I
B
Ul
O

Z

.4
2
1
.8

.6

.4
Acyl-CoA Dehydrogenase gene expression

Figure 9b: Glucocorticoid Receptor Gene Expression
at 2 4 Hours of Exposure
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Figure 9-Continued
Figure 9c: Peroxisome Proliferator Activated Receptor Gene Expression
at 72 Hours of Exposure
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Table 5. q R T - P C R results for genes whose expression was not significantly changed from
controls
"/•Control
,
^
pr value
Gene Name
Time Point
Expression
92.1
0.681
Hypoxia inducible factor l a
75.1
0.143
Carbamoyl-phosphate synthetase 1
24 Hours
90.6
0.667
E3 component of pyruvate dehydrogenase
94.0
0.615
Peroxisome proliferator activated receptor-p
Not assayed
Hypoxia inducible factor l a
76.4
0.467
Carbamoyl-phosphate synthetase 1
76.9
0.231
E3 component of pyruvate dehydrogenase
48 Hours
75.5
0.121
Peroxisome proliferator activated receptor-p
125.0
0.263
Acyl-CoA dehydrogenase family member 10
103.2
0.893
Glucocorticoid receptor
133.2
0.223
Hypoxia inducible factor l a
75.4
0.488
Carbamoyl-phosphate synthetase 1
72 Hours
Not assayed
E3 component of pyruvate dehydrogenase
85.8
0.419
Acyl-CoA dehydrogenase family member 10
121.3
0.252
Glucocorticoid receptor
Not assayed
Hypoxia inducible factor l a
Not assayed
Carbamoyl-phosphate synthetase 1
Not assayed
E3 component of pyruvate dehydrogenase
14 Days
137.3
0.130
Peroxisome proliferator activated receptor-p
252.4
0.346
Acyl-CoA dehydrogenase family member 10
85.6
0.379
Glucocorticoid receptor
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Figure 10. Absolute ATP concentration and ADP: ATP ratios of tadpoles exposed to 0 , 2 0 0 or 4 0 0 pg/L
atrazine early in exposure and in their livers at the end of exposure (Stage 62). Absolute ATP
concentration (A) and ADP: ATP ratios (B)

Figure 10a. Absolute ATP Concentration at 2 4 , 4 8 , and 72 Hours of Exposure
and of Livers at Stage 6 2
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Figure 10b. ADP A T P ratios at 2 4 , 4 8 , and 72 Hours of exposure and of
Livers at Stage 6 2
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Discussion
Measurable physical changes noted in X. laevis tadpoles exposed to atrazine in a previous study
(Langerveld et aL 2009) and in the studies reported in the previous chapter lead to the hypothesis that
tadpoles experienced an imbalance in energy homeostasis due to 200 or 4 0 0 pg/L atrazine exposure. To
further test this hypothesis, levels of ATP was measured, ADP:ATP ratios were calculated, and the
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expression of selected genes associated with regulating metabolism in these tadpoles was assessed.
Since tadpoles are most likely only transiently exposed to these levels of atrazine in the field, it was
important to determine if these changes would manifest themselves after short exposures. It was also of
interest to determine if continued exposure would again lead to the effects noted previously, were
calculated, and the expression of selected genes associated with regulating metabolism in these tadpoles
was assessed. Since tadpoles are most likely only transiently exposed to these levels of atrazine in the
field, it was important to determine if these changes would manifest themselves after short exposures. It
was also of interest to determine if continued exposure would again lead to the effects noted previously.
First, the possibility of changes in gene expression in biochemical pathways responsible for
energy metabolism was investigated. To do so, the DNA microarray data generated in the previous study
with a similar study design and similar findings (Langerveld et al. 2 0 0 9 ) was reanalyzed using GeneSifter
software. In addition to determining differential expression of specific genes, this software was designed
to put gene expression data in a "biological context" in that it determines which metabolic pathways
were affected by significant changes in the expression of genes associated with those pathways.
A number of metabolic pathways were shown significantly changed (z score < -2 or > +2) in stage 62
tadpoles exposed to 4 0 0 pg/L throughout development. Over-represented pathways, those with
increased gene expression, were associated with the conversion of lipids and proteins into energy (Table
6). These included synthesis and degradation of ketone bodies, the urea cycle, regulation of autophagy,
citric acid cycle, glutathione metabolism, and the metabolism of a number of amino acids. Underrepresented pathways, those with decreased gene expression, were those associated with carbohydrate
metabolism, fat storage, and protein synthesis and included glycolysis/gluconeogenesis, fatty acid
elongation in mitochondria, and ribosomal proteins. The changes found in these metabolic pathways
were reflective of the changes in body weight and fat body size noted in the tadpoles in the study
(Langerveld et al. 2009). Since these physical changes were replicated in the studies discussed in the
previous chapter, these gene changes were considered representative of gene expression profiles in these
tadpoles as well.
The pattern of changes in gene expression revealed by the microarray data was in line with the
measurable physical changes in body condition noted in the atrazine-exposed animals. The atrazine-
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related increase in ketone body synthesis and degradation, an adaptive response to starvation, indicated
these tadpoles mounted a physiological response to a nutritional and/or hormonal disruption (DiMarco
and Hoppel 1975). Since this effect was noted in tadpoles at the end of their experimental exposure, at
stage 62, it appeared these animals depleted their glucose stores and had shifted to increased fatty acid
oxidation to accommodate changes in energy needs. The decreases in glycolysis, gluconeogenesis and
fatty acid elongation were also in line with increased fatty acid P oxidation.

Table 6. Over-represented and under-represented metabolic pathways in tadpoles exposed to
4 0 0 p g / L atrazine throughout development determined by Affymetrix DNA Microarrays* and
GeneSifter™ on-line software
Upreguiated Pathways

Functional Significance of Change

Synthesis /degradation of Ketone Bodies
Urea cycle and Metabolism of Amino AcicLsj
Citric acid cycle
Regulation of Autophagy

T Fat conversion to energy
t Protein breakdown
t Need for ATP
t Recycling of cellular components
T Atrazine excretion
T Need for reactive 0 2 species scavenging
T Need for amino acid transport

Glutathione Metabolism

Downregulated Pathways

Functional Significance of Change

Glycolysis/Gluconeogenesis
Fatty acid elongation
Ribosomal structural proteins

4 Glucose conversion to energy
4 Storage of fat
4 New protein synthesis

*: Langerveld et al. 2009
t: Amino acids with increased metabolism included methionine, alanine, aspartate, arginine,
proline, glycine, serine, and threonine.

These processes slow or stop with increased rates of P oxidation of fatty acids. In addition, the smaller
fat body size in these tadpoles was considered a physical manifestation of this response.
The pattern of changes in gene expression revealed by the microarray data was in line with the
measurable physical changes in body condition noted in the atrazine-exposed animals. The atrazinerelated increase in ketone body synthesis and degradation, an adaptive response to starvation, indicated
these tadpoles mounted a physiological response to a nutritional and/or hormonal disruption (DiMarco
and Hoppel 1975). Since this effect was noted in tadpoles at the end of their experimental exposure, at
stage 62, it appeared these animals depleted their glucose stores and had shifted to increased fatty acid
oxidation to accommodate changes in energy needs. The decreases in glycolysis, gluconeogenesis and
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fatty acid elongation were also in line with increased fatty acid P oxidation. These processes slow or
stop with increased rates of P oxidation of fatty acids. In addition, the smaller fat body size in these
tadpoles was considered a physical manifestation of this response.
The increases in the urea cycle, metabolism of amino acids (methionine, alanine, aspartate,
arginine, proline, glycine, serine, and threonine), regulation of autophagy and decreases in ribosomal
proteins suggested that these tadpoles started to break down proteins for use as an energy source.
Therefore, the increase in ketone body synthesis and degradation could have stemmed from the
breakdown of cellular proteins and their conversion into glucose or ketones via the citric acid cycle
(Klionsky and Emr 2003). In support of that, the citric acid cycle was also increased in these tadpoles.
Whether or not the deficits in growth represented the redirection of proteins from growth and
development to their use as an energy source is unknown. McCarthly and Fuiman (2008) reported fish
larvae exposed to a single exposure to atrazine resulted in smaller sized larvae with lower total protein
content. They inferred that this effect would result in the deficits in growth noted in their studies.
The over-representation of glutathione metabolism was accounted for by the multiple functions
of glutathione. Excretion of atrazine and its metabolites is accomplished after Phase I metabolism
followed by conjugation to glutathione (Lang et aL 1996; Hanoika et aL 1999; Egaas et al 1993; Abel et al.
2004; Weigand et al. 2001). Glutathione assists in the transport of amino acids in and out of cells (Lu
2009). The utilization of amino acids in the generation of energy requires this movement of amino acids
and results in increases in glutathione to satisfy this need. Finally, glutathione is also involved with
controlling reactive oxygen species (Hansen et al. 2006, Lu 2009), and in the state of heightened
metabolism as these tadpoles were, the production of reactive oxygen species is likely. Additionally,
atrazine has been shown to cause oxidative stress in a number of tissues in fish (Elia et aL 2002, Dorval et
al. 2005, Yuanxiang et aL 2010). Although the presence of reactive oxygen species was not directly
measured, data in support of their generation was presented in Chapter 2. The potential changes in
mitochondrial morphology noted in tadpoles exposed to 4 0 0 ug/L throughout development could have
been attributed to oxidative stress.
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Since the measurable physical changes noted in atrazine-exposed tadpoles corroborated the
metabolic pathways revealed by the microarray data, these results were used to identify several genes of
interest for further study using qRT-PCR analysis. In order to determine if changes in the metabolic
pathways revealed by the microarrays were detectable early in the exposure, qRT-PCR was employed to
detect changes in these genes with the idea that any change from normal expression levels would be
indicative of fluxes in pathway activity. The genes of interest were all significantly up- or downregulated (p < 0.05) in the microarray data analysis and encoded enzymes or proteins involved with
regulating metabolic processes involved with energy homeostasis. The following genes were chosen to
test: hypoxia inducible factor l a carbamoyl-phosphate synthetase 1, E3 component of pyruvate
dehydrogenase, peroxisome proliferator activated receptor-p, acyl-CoA dehydrogenase family member
10, and the glucocorticoid receptor.
Hypoxia inducible factor l a (HIF-la), is released as a response to hypoxia and stimulates
glycolytic gene expression (Lando etal. 2003; Hu et al. 2003). Carbamoyl-phosphate synthetase 1 (CPS-1)
is the rate-limiting enzymatic step for the urea cycle irreversibly converting ammonia and bicarbonate to
carbamoyl phosphate to start the urea cycle in liver mitochondria (Waterlow 1999). The E3 component
of pyruvate dehydrogenase (dihydrolipoyl dehydrogenase) is a component of the enzyme that regulates
the conversion of pyruvate to Acetyl-CoA prior to its entering the citric acid cycle (Patel and
Korotchkina 2006). Peroxisome proliferator activated receptor-P (PPAR- P) is a regulatory molecule for
energy homeostasis that activates mitochondrial P oxidation of fatty acids (Lin et al. 2003). Acyl-CoA
dehydrogenase is the enzyme that starts the dismantlement of fatty acids for their utilization in P
oxidation within the mitochondria (Wanders et al 2010). Finally, the glucocorticoid receptor interacts
with the glucocorticoid hormone response element and hormone to stimulate the transcription of genes
responsible for carbohydrate, protein and lipid metabolism (Kyrou and Tsigos 2009).
Two of the six genes measured had significant differences in gene expression within 72 hours
after the beginning of exposure to 4 0 0 ug/L. Both acyl-CoA dehydrogenase and the glucocorticoid
receptor were significantly down-regulated as compared to unexposed controls after 24 hours of
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exposure. PPar-p was slightly up-regulated after 72 hours of exposure. Changes in these genes
suggested the occurrence of a disturbance in the regulation of energy homeostasis.
Down-regulation of acyl-CoA dehydrogenase implies that exposed tadpoles were not using P
oxidation for energy generation after 24 hours of exposure. Messner et al (1979) have found that rats
responded to atrazine exposure with initial and rapid elevations of blood glucose. They reported
increases in hepatic cyclic AMP and glycogen phosphorylase activity in rats after atrazine exposure.
These changes would have escalated the rate of glycogen breakdown and increased blood glucose levels.
The release of glucose in response to exposure would render p-oxidation of fatty acids unnecessary and
could have resulted in the suppression of genes associated with this process.
In line with this, was the down-regulation in glucocorticoid receptor gene expression. This
down-regulation indicated there could have been an initial surge in glucocorticoid hormone possibly in
association with changes in blood glucose. Dong et al (1988) reported that down-regulation of
glucocorticoid receptor rapidly occurs in response to dexamethasone in rat liver tissue in vitro. Exposed
tadpoles may have responded to atrazine exposure with a surge in glucocorticoid hormone; others have
reported this response in fish soon after exposure to atrazine (Gluth and Hanke 1985). Finally, the slight
increase in PPar-p transcripts suggested the tadpoles were redirecting their energy producing pathways
by this signaling pathway. All of the qRT-PCR results indicate there was an adaptive response in energy
homeostatsis that occurred within 24 hours of atrazine exposure.
The final assays performed to assess the energy status of the atrazine exposed tadpoles were
bioluminescence assays for ATP determination; also ADP in each sample was converted to ATP for direct
analysis in the luminescence assay. Tadpoles exposed to 2 0 0 or 4 0 0 pg/L atrazine were analyzed. Whole
tadpole samples for were collected at 2 4 , 4 8 and 72 hours of exposure and livers were collected from
stage 62 tadpoles. From these data, I calculated absolute ATP concentrations (normalized to the
tadpole's body or liver weight) and the ADP:ATP ratio in each sample. A change in ATP would obviously
have indicated fluxes in energy requirements. A change in ADP:ATP ratio would also have indicated a
change in flux but it also revealed the organisms' ability to replenish its ATP stores; an increase in the
ratio would indicate an accumulating deficit in ATP.
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There were no significant changes in absolute ATP concentration in any of the early samples.
This was not surprising in that the qRT-PCR studies indicated that exposed tadpoles were responding
adaptively to the stress of exposure quickly after onset. It was also possible that the limited number of
sample collections could have missed sampling during a flux. There were also no differences in absolute
ATP concentration in livers from stage 62 tadpoles even after continuous exposure of atrazine for 4 5 to
60 days. Again, this was not surprising as these tadpoles had most likely adapted prior to study
termination otherwise they would have succumbed to the exposure. Additionally, the increase in the
rate of apoptosis noted in livers from stage 62 tadpole implied that energy stores were not detrimentally
depleted since the process of apoptosis requires energy to occur (Elmore 2007, Gupta 2003).
The ADP: ATP ratios were also calculated from the same samples assayed for absolute ATP. In
parallel with absolute ATP concentrations, the ratios early on in the exposure were not statistically
different than control levels. Stage 62 livers from animals exposed to 2 0 0 |ig/L atrazine had marginally
increased ADP:ATP ratios, while livers from animals exposed to atrazine were no different than controls.
This non-monotonic response was also noted in the mortality rate of tadpoles exposed at 2 0 0 (ig/L
atrazine (see Chapter 2). Tadpoles exposed to this level of atrazine had higher mortality rates than those
exposed to lower and higher exposure rates. Perhaps this could have been the reason for the increased
mortality; tadpoles exposed to 200 pg/L might not have been able to effectively maintain energy balance.

Conclusion
Developing Xenopus laevis tadpoles exposed to atrazine at levels of 2 0 0 or 4 0 0 pg/L atrazine show
decreases in body and fat body size. A number of these effects were reported in a previous study
(Langerveld et al. 2 0 0 9 ) in which Affymetrix DNA microarray analysis was used to screen for differences
in global gene expression after chronic exposure. The Affymetrix data was considered representative of
the atrazine-related effects noted in the exposures described herein because of the similarity between the
results of the exposures. To further investigate these effects, the data were reanalyzed using the
GeneSifter software program. This program was designed to uncover differentially expressed genes in
the context of affected metabolic pathways and revealed changes in gene expression in pathways
involved with energy homeostasis and atrazine excretion. The specific pathways affected suggest that
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tadpoles exposed throughout development shifted energy resources from glucose to lipids and proteins
by the end of exposure. This could explain the decreases in body and fat body size noted. Similarly, fat
and protein metabolism was affected by atrazine exposure in quail and fish (Eason and Scanlon 2002,
Santa-Maria etaL 1987, Srinivas et al 1991, McCarthy and Fuiman 2008).Using qRT-PCR, changes in gene
expression indicative of an early stress response to atrazine exposure were noted. Exposed tadpoles had
significant decreases in gene expression of Acyl-CoA Dehydrogenase (AD), the enzyme that catalyzes the
first step in fatty acid p-oxidation, and glucocorticoid receptor (GR) after 24 hours of exposure.
Decreases in AD suggest an initial decrease in P-oxidation while decreases in GR may be a receptor
desensitization response to an initial glucocorticoid hormone surge. This surge would have increased
blood glucose for accelerated glycolysis while suppressing fatty acid p-oxidation. Similarly, atrazine induced stress responses occurring within hours of exposure have been reported in fish and rats (Gluth
and Hanke 1985, Cericato et al 2009, Messener et al 1979). Since peroxisome proliferator activated
receptor P (PPar P) is involved with regulating energy homeostasis, its near significant up-regulation is
likely a response to changes in energy requirements occurring in these tadpoles.The etiology of this
energy imbalance is unknown but could be due to the detoxification and excretion of atrazine and/or
endocrine disruption. Biotransformed atrazine is excreted after conjugation with glutathione (Egaas et
al 1993, Abel et al 2004, McMullin et al 2003), an energetically demanding detoxification pathway (Boyle
et al 2000). Atrazine is a known endocrine disruptor (Gammon et al 2005, McMullin et al 2004, Stoker et
al 2002, Cooper et al 2 0 0 0 ) and may be stimulating hormonally mediated mobilization and increased Poxidation of lipids. The finding that atrazine-related effects are noted within 24 hours of exposure is
significant since, in the field, tadpoles are potentially exposed to the atrazine levels used in this study.
Clearly, acutely and chronically exposed tadpoles are compromised, decreasing their ability to survive
the stresses of metamorphosis. If metamorphosis is successful, the reduced fat stores may result in
reduced fertility and fecundity of the exposed frogs as these lipid stores are directly responsible for
reproductive success (Girish etal 2000, Zancanaro et al. 1996).
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C H A P T E R IV
CONCLUSION

This thesis reports the findings of a series of studies concerning the effects of atrazine exposure
on Xenopus laevis tadpoles after hatching until immediately before metamorphosis. The exposure levels of
2 5 , 2 0 0 and 4 0 0 pg/L atrazine were chosen to include concentrations representing ranges found in field
runoff ( 2 0 0 and 4 0 0 pg/L; Gaynor et al. 2 0 0 5 ) including a low dose that has been used by many other
investigators studying atrazine's effects on frogs (Hayes et aL 2 0 0 2 , 2 0 0 3 ; Carr et al. 2003; Hecker et al.
2 0 0 4 , 2 0 0 5 ; Jooste etal 2005; Murphy etaL 2006; Oka etaL 2008; Rohr etal 2008; Kloas etal 2009;
Langlois et al. 2009). I measured growth and metamorphic rate during each exposure and in some studies
I recorded feeding behavior. At the end of each exposure, I noted the tadpole's age and gender, and
measured body size, fat body size and liver weight. At the end of selected studies, I conducted a number
of microscopic evaluations, measured differential gene expression using qRT-PCR, and measured ATP
levels.
Developing Xenopus laevis tadpoles exposed to 25 pg/L atrazine did not show any measurable
changes in the parameters measured. However, atrazine at levels of 2 0 0 and 4 0 0 pg/L resulted in
tadpoles that were smaller than unexposed controls by as early as 3 days after the start of exposure.
These tadpoles never overcame this effect and were smaller than controls at the end of the study.
Although atrazine has been reported to suppress appetite in adult frogs (Allran and Karasov 2001), these
tadpoles did not suffer a decrease in feeding behavior and may have experienced a temporary increase
after 2 weeks of exposure. Some groups of exposed animals also experienced a retarded metamorphic
rate. The livers and fat bodies from these tadpoles were also smaller in size as compared to control. The
smaller fat body size of exposed animals in conjunction with the possible compromise of liver
mitochondria suggested that an imbalance in energy homeostasis occurred in these animals. Although
exposed tadpoles had smaller relative liver weights, liver glycogen and lipid content was not different
from control levels. The presence of normal levels of liver glycogen and lipids in atrazine exposed
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tadpoles indicates that they may have already adapted to the imbalance by regenerating liver energy
stores after mobilizing their fat stores.
A number of these effects were reported in a previous study (Langerveld et aL 2009) in which
Affymetrix DNA microarray analysis was used to screen for differences in global gene expression after
chronic exposure. Since the studies resulted in many of the same effects in the exposed tadpoles, the
microarray data were considered representative of the studies described herein and reanalyzed the data
using the GeneSifter software program. This program was designed to uncover differentially expressed
genes in the context of affected metabolic pathways and revealed changes in gene expression in
pathways involved with energy homeostasis and atrazine excretion. The specific pathways affected
suggest that tadpoles exposed throughout development shift energy resources from glucose to lipids and
proteins. This could explain the decreases in body and fat body size noted. Fat and protein metabolism
were reported as affected by atrazine exposure in quail and fish (Eason and Scanlon 2002, Santa-Maria et
al. 1987, Srinivas et aL 1991).
Using qRT-PCR, changes in gene expression indicative of an early stress response to atrazine
exposure were observed. Exposed tadpoles had significant decreases in the expression of Acyl-CoA
Dehydrogenase (AD), the enzyme that catalyzes the first step in fatty acid P-oxidation, and
glucocorticoid receptor mRNA (GR) after 24 hours of exposure. Decreases in AD suggest an initial
decrease in p-oxidation while decreases in GR may be a receptor desensitization response to an initial
glucocorticoid hormone surge. This surge would stimulate glycolysis, increasing blood glucose while
suppressing fatty acid p-oxidation. Atrazine-induced stress responses occurring within hours of
exposure have been reported in fish (Cericato et al. 2009). Since peroxisome proliferator activated
receptor P (PPar P) is involved with regulating energy homeostasis, its slight upregulation is likely a
response to changes in energy requirements occurring in these tadpoles as well.The mechanism behind
the apparent disruption in energy balance is unknown. It may be due to the energy requirements for
detoxification and excretion of atrazine. Atrazine biotransformed, conjugated with glutathione, and
excreted primarily through the bile (Edginton and Rouleau 2005). This detoxification and excretion
pathway has been shown to be energetically demanding (Boyle et aL 2000). Atrazine is also a known
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endocrine disruptor (Gammon et al. 2005, McMullin et al. 2004, Laws et aL 2003) and it may have
stimulated hormonally regulated mobilization and p-oxidation of lipids.
Since most of these metabolic processes take place primarily in liver mitochondria, the burden
of maintaining the pace of these processes may have lead to the unconfirmed changes in mitochondrial
morphology found in tadpoles exposed to 4 0 0 pg/L atrazine. Although not quantitatively assessed, the
liver from these tadpoles appeared to have a larger number of structurally compromised mitochondria
than control tadpoles. Mitochondria with swollen matrices, variations in the size of the intermembrane
space, and in various states of degeneration were found in atrazine-exposed tadpoles. These alterations
suggested a change in metabolic state in the liver of these animals. Other investigators have described
ultrastructural changes in mitochondria in liver of rats and fish exposed to atrazine as well (Santa-Maria
et al. 1987, Biagianti-Risbourg et al. 1995, Braunbeck et aL 1992, Oulmi et al. 1995). The changes in
mitochondrial matrix volume would accommodate increases in activation of mitochondrial metabolic
pathways including fatty acid oxidation, respiration, remediation of reactive oxygen species and ATP
production in times of increased energy requirements (Jezek and Hlavata 2005, Manoli et al. 2007,
Halestrap etal. 1989,1994).
However, in responding to these types of metabolic pressures to maintain homeostasis,
dangerous levels of reactive oxygen species have been shown to be generated leading to oxidative stress
(Manoli et aL 2007). The presence of reactive oxygen species during oxidative stress has been shown to
cause changes in mitochondrial morphology (Jendrach etal. 2008) and also causes damage that leads to
mitochondrial dysfunction and cell death (Kowaltowski and Vercesi 1999). Atrazine has been reported
to cause oxidative stress in several species of fish (Elia et al. 2002, Dorval et aL 2005, Yuanxiang et aL 2010).
The potential changes noted in the fivers from the atrazine-exposed tadpoles were similar to those
described those reported in fish suggesting that they could have been a result of atrazine's ability to
induce oxidative stress, although no tests for markers of oxidative stress were conducted on these livers.
With the possible changes noted in hepatic mitochondria and since mitochondria are integral in
the initiation of apoptosis (Gupta 2003), the role of apoptosis in the loss in hepatic mass was
investigated especially because there were no decreases in glycogen and lipid levels that could account
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for the decrease in liver size. When liver from both stage 62 control and 4 0 0 pg/L atrazine exposed
tadpoles were stained with anti-activated caspase 3 immunoglobulin, there were a significantly higher
number of activated caspase 3 immunopositive cells in exposed tadpoles. Activated caspase-3 is the final
effector protein that triggers the initiation of apoptosis (Elmore 2007). Activated caspase 3
immunopositive cells were assumed to represent cells that would likely become apoptotic and die.
Although, it is improbable that the number of cells staining positively would in itself cause a decrease in
liver weight, it may represent an overall increase in the rate of apoptosis in exposed tadpoles. This
increase in the rate of apoptosis might cumulatively result in decreased liver weights.
Finally, the hypothesis that atrazine exposed tadpoles were experiencing an energy deficit was
directly tested by measuring the levels of ATP and the ADP: ATP ratios in these animals early in the
exposure (24,48, and 72 hours after the start of exposure) and in livers at the end of exposure when
changes in this organ were observed. There were no significant changes in absolute ATP concentration
in any of the early samples. This was not surprising in that the qRT-PCR studies indicated that exposed
tadpoles were responding adaptively to the stress of exposure quickly after onset. There were also no
differences in absolute ATP concentration in livers from stage 62 tadpoles even after continuous
exposure of atrazine for 45 to 60 days. Again, this was not surprising as these tadpoles had most likely
adapted prior to study termination otherwise they would have succumbed to the exposure.
Additionally, the increase in the rate of apoptosis noted in the liver from stage 62 tadpole livers implied
that energy stores were not detrimentally depleted since the process of apoptosis requires energy to
occur (Elmore 2007, Gupta 2003).
The ADP:ATP ratios were also calculated from the same samples assayed for absolute ATP. In
parallel with absolute ATP concentrations, the ratios early in the exposure were not statistically
different than control levels. While livers from stage 62 animals exposed to 4 0 0 pg/L atrazine were no
different than controls, livers from animals exposed to 200 pg/L atrazine had marginally increased
ADP:ATP ratios indicating an accumulating deficit in ATP in these animals. This non-monotonic
response was also noted in the mortality rate of tadpoles exposed at 200 pg/L atrazine; tadpoles exposed
to this level of atrazine had higher mortality rates than those exposed to lower and higher exposure rates.
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Perhaps the change in ADP:ATP ratio could have been the reason for the increased mortality as tadpoles
exposed to 2 0 0 pg/L appeared to have been unable to effectively maintain energy balance.
The finding that atrazine-related effects are noted within 2 4 hours of exposure is significant
since, in the field, tadpoles are potentially exposed to the atrazine levels used in this study. Clearly,
acutely and chronically exposed tadpoles are compromised, potentially decreasing their ability to survive
the stresses of metamorphosis (Langerveld et al. 2009). If metamorphosis is successful, the reduced fat
stores may result in reduced fertility and fecundity of the exposed frogs, as these lipid stores are directly
responsible for reproductive success and (Girish et aL 2000, Zancanaro et aL 1996). This could also hinder
their ability to survive periods of starvation.Regardless of the severity of the effects caused by atrazine in
these studies, they were all produced in a laboratory setting. Exposure rates of 2 0 0 and 4 0 0 pg/L,
although still environmentally important, are found less frequendy and more transiently than lower
concentrations. For this very reason, many authors have criticized the use of these levels of atrazine in
experimental exposures to determine the adverse effects of atrazine. However, exposures in the field are
never limited to only atrazine and are complicated by additional stressors such as climate change, lack of
suitable habitat, and exposure to infectious disease as well as exposure to a variety of other pesticides.
There are reports indicating that in the field, atrazine effects are enhanced in the presence of other
stressors in fish (Cashman 1992) and frogs (LaFiandra et aL 2008; Langlois et aL 2009; Rohr et aL 2006,
2008; Storrs etal. 2004).
Considering the amount of controversy surrounding the safety of atrazine and the political and
economic implications of decisions made regarding the use of this effective and low cost herbicide, the
availability of reliable scientific data is essential for the decision making process. Consistent results
between studies in the literature have been elusive and the lack thereof has contributed to the
controversy concerning atrazine's safety. In developing a standardized protocol that resulted in a
repeatable set of effects, I can confidendy report the results of supplementary tests designed to elucidate
the less obvious effects of atrazine exposure. The data generated by these studies are among the first to
link physiological effects of atrazine to changes in tissue and in gene expression in Xenopus laevis tadpoles.
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It would be interesting to continue to characterize these findings further. Many questions have
been generated from the work generated in this thesis. Do the changes in gene expression reflect actual
changes in activity of the enzymes whose genes were up-regulated or down-regulated? Are there also
changes in glutathione and, if so, what is the ratio between glutathione in the reduced and oxidized
form? W h a t are the patterns of these changes throughout the exposure? At what concentrations of
atrazine and its metabolites are these types of changes investigated? Do these effects subside after the
exposure is over? The answers to these questions would help to substantiate the results derived from the
exposures described in this thesis and would provide some of the knowledge that, to date, is lacking. It
is hoped that these studies will provide the basis for further study into atrazine's adverse effects.
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Appendix B
S u m m a r y o f results tables for all

60.0 ± 5.3
(18)

11.5 ± 7.1
(16)

78.0 ± 16.5
(14)

1.70+ 0.3$
(19)

15.9 ± 10.9
(9)

(9)

80.6 ± 6.6

1.88 ± 0.4
(16)

(7)

(9)
12.5 ± 8.1

77.6 ± 19.4

1.67 ± 0.3
(13)

(B)

0.614 ± 0.26*

410.71 ± 40.5*
(15)

13.3$ ± 0.5
(14)

57.9 ± 5.8
(15)

13.7 ± 0.5
(18)

13.8 ± 0.9

0.653 ± 0.36

0.888 ± 0.20
(12)

(17)
(9)
11.8 ± 8.4
(9)

80.2 ± 11.8

(12)
75.7 ± 13.9
(9)
9.3 ± 9.3
(7)

1.74 ± 0.4

1.83 ± 0.2

(17)

421.56 ± 56.3
(18)

449.92 ± 70.6
(14)

(13)

60.9 ± 5.6
(18)

58.2 ± 4.1
(14)

na

400 p/L
(N)

N: # of bowls (data analyzed is mean value per bowl, not all bowls had both sexes) i : Decreased f. Absolute number of animals that died of the total
number of animals starting the exposure na: Not applicable * p <0.05 ** p < 0.01 $p < 0.1 BW: Body weight %max IDa: percent of maximum
integrated density per unit area

12.5 ± 10.3
(16)

(17)

78.2 ± 10.9

Liver glycogen (%max IDa)

Liver lipid (% area)

1.86 ± 0.3
(19)

Liver Weight (% B W )

0.851 ± 0.22
(16)

0.876 ± 0.22
(19)

Fat Body Size (% B W )

0.632 ± 0.22**
(19)

(17)
477.68 ± 94.3
(18)

414.90 ± 36.3*
(19)

474.78 ± 92.9
(19)

Terminal Body Weight (mg)

13.8 ± 1.2

13.5 ± 0.4$
(19)

59.0 ± 3.6
(19)

13.9 ± 1.1
(19)

58.7 ± 3.3 (19)

na

45.2%

Terminal Body Length (mm)

Age to Stage 62 (days)

58.3%

Gender (% Females)

na

5 of 74

na

na

na

5 of 85

Mortality! (#Dead)

NC (See Figure 3a)

Control
(N)

Metamorphic Rate

400 p/L
(N)

na

Control
(N)

Males

na

400 p/L
(N)

Females

4 * * (See Figure la)

Control
(N)

Sexes Combined

Weekly Body Weights

Parameter

Study A: Summary of Results (mean per bowl ± standard deviation); 0 and 4 0 0 p / L atrazine; Data collected at stage 62

na

Oof 40

Control ( N )

Females
4 0
(

°Nf

Control
(N)

Males
400 p/L
(N)

47.6 ± 1.8
47.3 ± 1.9
Gender not determined
Gender not determined
(10)
(10)
at stage 58
at stage 58
552.76 ± 36.58
433.92 ± 27.74**
Terminal Body Weight (mg)
(10)
(10) ,
Fat Body Size (% B W )
2.33 ± 1.32
0.45 ± 0.20**
(10)
(8)
Fixed Liver Weight (% B W )
8.88 ± 1.46
7.50 ± 1.95
(7)
(8)
N: # of bowls (data analyzed is mean value per bowl, not all bowls had both sexes) -l: Decreased f. Absolute number of animals that died of the total
number of animals starting the exposure na: Not applicable ** p < 0.01 BW: Body weight

Gender (% Females)

Age to Stage 58 (days)

na

Mortality! (#Dead)

(See Figure lb)

400 p/L
(N)

Sexes Combined
Control
(N)
1 of 40

Weekly Body Weights

Parameter

Study B: Summary of Results (mean per bowl ± standard deviation); 0 and 4 0 0 p / L atrazine; Data collected at stage 58

00

00

(N)

(N)

(N)

Control

na

na

na

na

Females
(N)

(N)

Control

na

na

na

na

Males
(N)_

400 p/L

** p < 0.01 H: Hours into the exposure

400 p/L

N: # of bowls (data analyzed is mean value per bowl, not all bowls had both sexes) -I: na: Not applicable
* Quantitative real-time Polymerase Chain Reaction

See Chapter 3

1 * * (See Figure 3b)

Metamorphic Rate
qRT-PCR*

i * * (See Figure lc)

i * * at 74 Hr (See Figure 2a)

400 p/L

Control

Weekly Body Weights

Early Individual Weights

Parameter

Sexes Combined

Study C: Summary of Results; 0 and 4 0 0 p / L atrazine; Data collected at stage 62

VO

GO

54.2%

(N)

Control

na
na

na

na

na
na

na

Males

na

N)

Control
na

(N)

400 p/L
na

Females

(N)_

400 p/L

Age to Stage 62 (days)

51.0 ± 2.1
(20)
13.9 ± 0.5
(20)
440.35 ± 40.4
(20)
0.874 ± 0.14
(20)
2.06 ± 0.20
(20)
0.147 ± 0.14

55.2 ± 4.4**
(18)
13.1 ±0.6**
(18)
357.84 ± 44.5**
(18)
0.488 ± 0.19**
(18)
1.77 ± 0.23**
(18)
0.366 ± 0.22**

51.5 ± 2.5
54.2 ± 3.9*
50.8 ± 4.1
55.7 ± 6.9*
(14)
(18)
(16)
(17)
13.0 ± 0.6**
14.0 ± 0.9
13.1 ± 0.8**
13.9 ± 0.8
Terminal Body Length (mm)
(16)
(14)
(18)
(17)
445.80 ± 34.0
358.53 ± 33.1*
434.83 ± 64.5
352.53 ± 53.8**
Terminal Body Weight (mg)
(14)
(18)
(16)
(17)
0.431 ± 0.19**
0.840 ± 0.17
0.526 ± 0.28**
Fat Body Size (% B W )
0.897 ± 0.18
(16)
(15)
(15)
(B)
1.72 ± 0.68
1.36 ± 0.60
2.00 ± 0.22
1.55 ± 0.61**
Liver Weight ( % B W )
(16)
(14)
(15)
(13)
0.388 ± 0.22**
0.194 ± 0.17
Liver apoptosis (# aC3+ cells/pm)
0.117 ± .12
0.347 ± 0.24
(6)
(8)
(5)
(7)
(B)
(13)
N: # of bowls (data analyzed is mean value per bowl, not all bowls had both sexes) i : Decreased t : Increased f: Absolute number of animals that died of
the total number of animals starting the exposure na: Not applicable * p <0.05 ** p < 0.01 BW: Body weight
aC3+: Activated-caspase-3 immunopositive cells

50.5%

Gender (% Females)

8 of 73

T** Week 2 only (See Figure 4a)

Feeding Behavior
4 of 80

I * * (See Figure 3c)

Metamorphic Rate

Mortality! (#Dead)

i * * (See Figure Id)

(N)

(N)

Weekly Body Weights

400 p/L

Control

Sexes Combined

Study D: Summary of Results (mean per bowl ± standard deviation); 0 and 4 0 0 p / L atrazine; Data collected at stage 62

VO
o

na

£NL

25 p / L

Age to Stage 62 (days)

Gender (% females)

na
na
39.4%
52.9%
40.3 ± 1.3
40.0 ± 3.2
40.9 ± 1.4
40.0 ± 0.7
40.5 ± 1.9
40.9 ± 1.1
(10)
(10)
(10)
(8)
(8)
(10)
14.2 ± 1.0
14.3 ± 0.4
14.2 ± 0.4
14.4 ± 0.8
14.1 ± 0.4
14.2 ± 0.4
Terminal Body Length (mm)
(10)
(10)
(10)
(10)
(10)
(9)
435.88 ± 36.3
412.72 ± 48.3
420.36 ± 68.4
426.46 ± 36.6
424.68 ± 35.0
Terminal Body Weight (mg) 423.70 ± 32.4
(10)
(10)
(10)
(10)
(9)
(9)
0.850 ± 0.20
0.788 ± 0.20
0.995 ± 0.25
0.950 ± 0.20
0.898 ± 0.14
0.995 ± 0.21
Fat Body Size (% B W )
(10)
(7)
(8)
(9)
(5)
(9)
2.12 ± 0.34
2.21 ± 0.34
2.22 ± 0.22
2.04 ± 0.30
2.27 ± 0.37
2.13 ± 0.19
Liver Weight ( % B W )
(10)
(7)
(9)
(6)
(10)
(9)
N: # of bowls (data analyzed is mean value per bowl, not all bowls had both sexes) f: Absolute number of animals that died of the total number of animals
starting the exposure
na: Not applicable

2 of 52

na

1 of 46

na

na

NC (See Figure 4b)

Appetite Behavior

Mortality)- (#Dead)

na

na

Males

NC (See Figure 3d)

(N)

Control

Metamorphic Rate

(N)

25 p / L
na

Females

na

(N)

Control

Weekly Body Weights

25 p / L

Sexes Combined
Control
(N)
(N)
NC (See Figure le)

Parameter

Study E: Summary of Results (mean per bowl ± standard deviation) 0 25, and 2 0 0 p/L atrazine; Data collected at stage 62

(9)
14.0 ± 0.5
(10)
403.20 ± 38.3
(10)
0.683 ± 0.21*
(9)
426.46 ± 36.6
(9)
0.950 ± 0.20

Liver Weight (% B W )

(9)
(9)
2.13 ± 0.19
2.06 ± 0.29
2.04 ± 0.30
(9)
(10)
(9)
N: # of bowls (data analyzed is mean value per bowl, not all bowls had both sexes) na: Not applicable
number of animals starting the exposure * p <0.05 BW: Body weight

Fat Body Size (% B W )

Terminal Body Weight (mg)

Terminal Body Length (mm)

(10)
416.70 ± 58.6
(10)
0.654 ± 0.26*

(10)
420.36 ± 68.4
(10)
0.788 ± 0.20

40.9 ± 1.4
(10)
14.2 ± 1.0

(8)
13.8 ± 0.6

40.2 ± 2.7

200 p/L
(N)

(9)
404.39 ± 68.4
(9)
0.698 ± 0.19
(7)
(7)
(7)
2.21 ± 0.34
2.08 ± 0.33
1.96 ± 0.20
(7)
(7)
(7)
f: Absolute number of animals that died of the total

40.8 ± 3.0
(9)
14.2 * 0.6

na

40.5 ± 1.9
(10)
14.4 ± 0.8

na

45.4%
40.6 ± 1.4

52.9%
40.9 ± 1.1
(10)
14.2 ± 0.4
(10)
423.70 ± 32.4
(10)
0.898 ± 0.14 (10)

Age to Stage 62 (days)

Gender (% females; ^Tadpoles)

na

na

7 of 57

lof46

na

na

NC (See Figure 3b)

Appetite Behavior

Mortality! (#Dead)

na

na

Males

NC (See Figure 2d)

Control
(N)

Metamorphic Rate

200 p/L
(N)

na

Females

na

Control
(N)

NC (See Figure le)

200 p/L
(N)

Sexes Combined
Control
(N)

Weekly Body Weights

Parameter

Study E: Summary of Results (mean per bowl ± standard deviation) 0 25, and 2 0 0 p / L atrazine; Data collected at stage 62

M

(N)

(N)

na

nm

nm

na

nm

na

nm

na

nm

nm

(6)
1.83 ± 0.4**
(7)
(7)
2.57 ± 0.5
(7)
(7)
1.941 ± .4
(7)

nm

(5)
0.890 ± 0.17*
(9)
1.869 ± 1.04

nm

(5)
447.38 ± 70.3

(7)
14.7 ± 1.6
(7)
491.97 ± 110.4
(7)
1.153 ± 0.42

46.7 ± 5.1
(5)
14.0 ± 1.2*
(7)
15.4 ± 1.0
(7)
505.41 ± 215.3

N: # of bowls (data analyzed is mean value per bowl, not all bowls had both sexes)
Decreased na: Not applicable H: Hours into the exposure
f: Absolute number of animals that died of the total number of animals starting the exposure * p <0.05 ** p < 0.01 J p < 0 . 1 BW: Body weight
°/omax IDa: percent of maximum integrated density per unit area nm: Not Measured

(5)

(9)
1.83 ± 0.3**
(9)
78.67 ± 5.1
(8)
12.53 ± 3.

(9)
0.984 ± 0.26**

(9)
14.4 ± 1.2
(9)
483.12 ± 84.8*

bee cnapter i

Liver lipid (% area)

ATP concentration and
ATP:ADP ratio

(5)
15.36 ± 4.9
(5)

(B)
81.96 ± 4.8

Liver glycogen (%max IDa)

Liver Weight (% B W )

Fat Body Size (% B W )

Terminal Body Weight (mg)

Terminal Body Length (mm)

Age to Stage 62 (days)

46.8 ± 3.4

na

(N)

200 p / L

49.4 ± 4.7*

na

57.1%
47.4 ± 5.1

68.0%
45.6 ± 2.6
(14)
15.2 ± 0.8
(14)
565.10 ± 78.6
(14)
1.356 ± 0.43
(14)
2.40 ± 0.5

Gender (% Females)

na

na

5 of 89 J

na

na

NC (See Figure 4 c )

Feeding Behavior
1 of 111

na

na

NC (See Figure 3e)

Metamorphic Rate

Mortality! (#Dead)

na

na

(N)

Control

na

(N)

200 p/L

na

45.3 ± 2.3
(14)
14.9 ± 1.0
(14)
538.84 ± 106.5
(14)
1.23 ± 0.28
(14)
2.31 ± 0.5
(13)

(N)

Control

Males

I * (See Figure If)

4 * at 72H (See Figure 2b)

200 p/L

Control

Females

Weekly Body Weights

Early Individual Weight (mg)

Parameter

Sexes Combined

Study F: Summary of Results (mean per bowl ± standard deviation) 0 200, and 4 0 0 p / L atrazine; Data collected at stage 62

VO

(B)
1.92 ± 0.4**
(14)
83.32 ± 6.1
(9)
16.17 ± 7.1
(8)

na

nm

na

nm

i: Decreased t : Increased
** p < 0.01 J p < 0.1 BW: Body weight

na

nm

nm

(7)
2.57 ± 0.5
(7)
(9)

(9)
2.05 ± 0.2*
(9)

(9)
1.869 ± 1.0

(9)
0.97 ± 0.3
(9)
1.86 ± 0.5*
nm

(9)
469.62 ± 100.5
(10)
0.973 ± 0.2**
(7)
505.41 ± 215.3

(9)
473.40 ± 74.0

na

nm

nm

(9)
14.8 ± 0.9
(7)
15.4 ± 1.0

49.2 ± 2.4

(9)
14.6 ± 1.3

nm

N: # of bowls (data analyzed is mean value per bowl, not all bowls had both sexes) na: Not applicable
f : Absolute number of animals that died of the total number of animals starting the exposure * p <0.05
°/omax IDa: percent of maximum integrated density per unit area nm: Not Measured

bee Chapter 3

Liver lipid (% area)

ATP concentration and
ATP:ADP ratio

(5)
15.36 ± 4.9
(5)

(B)
81.96 ± 4.8

Liver glycogen (%max IDa)

Liver Weight (% B W )

Fat Body Size (% B W )

Terminal Body Weight (mg)

Terminal Body Length (mm)

46.4 ± 5.4
(14)
14.6 ± 1.2
(14)
465.55 ± 76.7**
(14)
0.936 ± 0.2**

45.6 ± 2.6
(14)
15.2 ± 0.8
(14)
565.10 ± 78.5
(14)
1.356 ± 0.4
(14)
2.40 ± 0.5

Age to Stage 62 (days)

46.8 ± 3.4

na

4 0 0 p/L
(N)_

44.8 ± 6.2

45.3 ± 2.3
(14)
14.9 ± 1.0
(14)
538.84 ± 106.4
(14)
1.23 ± 0.3
(14)
2.31 ± 0.5
(13)

na

48.0%

68.0%

Gender (% Females)

na

na

3 of 109

1 of 111

na

na

NC (See Figure 4 c )

Feeding Behavior

Mortality! (#Dead)

na

na

na

Males

na

Control
(N)

it (See Figure 3e)

400 p/L
(N)

Metamorphic Rate

na

na

Females

i* (See Figure If)

i* at 72H (See Figure 2b)

Early Individual Weight (mg)

Control
(N)

Weekly Body Weights

Sexes Combined
Control
400 p/L
(N)
(N)

Parameter

Study F: Summary of Results (mean per bowl ± standard deviation) 0 200, and 4 0 0 p / L atrazine; Data collected at stage 62

